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A SYMPOSIUM ON CYCLES 


Editor’s Introduction-—Examination of the 
manuscript of Professor LaMont Cole’s 
present expansion of his earlier thesis (1951, 
Jour. Wildl. Mgt. 15: 233-252) prompted 
your Editor to invite a number of authori- 
ties in the field of population research to 
present their views, based on recent investi- 
gations. Response was most gratifying, result- 
ing in the following symposium of ten papers. 

It will be immediately apparent that 
several authors, especially Errington and 
Hickey, devoted many hours to the prepa- 
ration of major contributions. Others, for 
example, Lack and Ricker, have condensed 
pertinent portions of larger manuscripts 
which are to be published elsewhere. 

To all contributors, sincere editorial 
thanks are expressed. Helpful suggestions 
were received from C. H. D. Clarke, Charles 
Elton, J. J. Hickey and Gustav Swanson. 

Papers are not arranged in any special 
sequence, but in chronological order of final 
preparation for printing. 

Originally your Editor planned to act as 
“moderator” of the incipient symposium, 
and to produce a lucid commentary-sum- 
mary. It soon became apparent that he 
suffers from, as Professor Moran puts it in 
litt., “the inability of some biologists to 
understand a simple (sic) quantitative 
argument.” 

Therefore, readers will not be presented 
with a summary of the variety of opinions 
contained in the following, but it is antici- 
pated that each reader will make his own 
comments and draw his own conclusions. 

It should be pointed out, however, that 
Professor Cole has no intention of discourag- 
ing research into causalities of population 
fluctuations. He does not infer that oscilla- 
tions in animal numbers arise through ran- 
domness, but that populations are affected 
by such a variety of forces that random 
oscillations are the result. He does show that 


IN ANIMAL POPULATIONS 


oscillations similar to those appearing in 
population figures also occur in series of 
random numbers, and he warns against sub- 
jective prejudice in our search for the causes, 
in some species, of tides in animal numbers 
which seem to be periodic. Hickey’s applica- 
tion of Cole’s formulae to recent grouse and 
hare data deserves intensive study and 
amplification. 

It is obvious, but worthy of note here, 
that investigators of cycles are divided into 
two “camps’’—those who require no perio- 
dicity in their definition of cyclic behavior, 
and those who consider as cyclic only those 
species which exhibit fairly regular fluctua- 
tions in numbers. The former are strongly 
inclined to objective mathematical analyses, 
count all the peaks, and demand an exact 
periodicity or none at all. The latter look 
at cyclic behavior subjectively, select domi- 
nant peaks to indicate the ten-year cycle, 
and allow considerable variation in both 
periodicity and amplitude. Whether these 
views will be brought into some accord is a 
major question. 

Moran suggests that the counting of peaks 
should not be the major criterion for study 
of cyclic behavior. Errington departs even 
farther from accepted methods of determina- 
tion of cycles, by proposing that effects of 
cyclic influences may manifest themselves 
by other than numerical changes in animal 
populations. Intrinsic mechanisms which 
can cause basic cycles in fish populations are 
pointed out by Ricker. Hutchinson pro- 
pounds a biological “resonance’”’ as a pos- 
sible explanation of cyclic behavior. 

Some readers will find some of the dis- 
cussions rather heavy, but most will agree 
that this collection of papers will advance 
our knowledge of this very important sub- 
ject. Certainly, they will provoke a lively 
discussion, and will stimulate additional 
investigation ——OLIvER H. Hewitt. 
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SOME FEATURES OF RANDOM POPULATION CYCLES 


LaMont C. Cole 


Department of Zoology, Cornell University, Ithaca, N. Y. 


INTRODUCTION 

Under the intriguing title ‘‘Why 
do we sometimes get nonsense-correla- 
tions between time-series?” Yule (1926) 
brought to general attention some of the 
properties which impress us as sheer 
perversity when we attempt to analyze 
time-series by ordinary statistical meth- 
ods. Biologists are among those who 
frequently find themselves concerned 
with data on fluctuations in time and it 
seems unfortunate that even modern 
statistical methods leave much to be de- 
sired for the analysis of such data (see, 
for example, the last 2 chapters of 
Kendall (1946) ). 

Although at least 70 years ago Swin- 
ton (1883) postulated a connection be- 
tween locust outbreaks and sunspot 
numbers, the appearance of Yule’s 
paper approximately coincided with a 
great upsurge of interest among zoolo- 
gists in the possibility that animal 
populations might undergo periodic 
fluctuations in size. Literally hundreds 
of papers have been written on the sub- 
ject analyzing the phenomenon, pro- 
posing explanations, or expostulating 
its importance. 

Under this virtual barrage of litera- 
ture it was natural for biologists gener- 
ally to discount the many conflicts of 
opinion among students of the subject 
and to accept the basic hypothesis that 
there must be some factor or factors 
either in the physical environment or 
within populations or ecosystems pos- 
sessing a tendency to induce rhythmic 


population fluctuations. It seemed, there- 
fore, an almost outrageous suggestion 
when Palmgren (1949) proposed to re- 
gard population cycles as random fluc- 
tuations. This hypothesis, however, had 
the merit of being susceptible to testing. 
The consequences of random fluctua- 
tion could be deduced and compared 
with population data in a much more 
direct way than was possible for any 
hypothetical remote connection between, 
for example, an empirical series of sun- 
spot numbers and the population data. 

The hypothesis of random population 
fluctuations has the further advantage 
of being probably the simplest possible 
explanation for population cycles and 
in any logical study of the subject it 
seems that this possibility should be 
eliminated first before consideration is 
given to more complicated and indirect 
explanatory hypotheses. Since the term 
“eycle” has come to signify (at least 
among biologists and economists) a 
sequence of events repeating in a defi- 
nite order but without any necessary 
implication of strict regularity in time, 
and since populations obviously cannot 
continue either to increase or decrease 
indefinitely; it seems that when we 
speak of a “population cycle” we are 
stating little or nothing beyond the fact 
that the population does not always 


remain exactly at a constant size. The. 


term “random” applies to events such 


as the rolling of dice where, although 
something or some things certainly de- 
termine the result obtained, the results 
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of a single trial are subject to so many 
opposing and interacting influences as 
to be unpredictable. Employing the 
words in this way it appears that any 
thoughtful biologist might be expected 
to predict the occurrence of random 
population cycles. It would seem im- 
portant, therefore, to calculate the re- 
sults to be expected in the case of ran- 
dom cycles if only for the purpose of 
isolating these effects from any others 
resulting from more systematic causes. 

Stimulated by Palmgren’s suggestion 
the present writer deduced some of the 
consequences of random _ population 
fluctuations in order to make compari- 
sons with some of the data on population 
cycles (Cole, 1951). In choosing a mathe- 
matical model for this purpose it was 
assumed that the probability of ties 
(identical populations in successive 
years) could be neglected, that a long 
and accurate series of consecutive popu- 
lation estimates was available, and that 
populations in successive years could be 
treated as completely independent. None 
of these assumptions is entirely realistic 
in dealing with empirical population 
data. The basic data are such that the 
series are frequently short, that only 
very rough estimates of actual popula- 
tion size are usually available, and that 
there may be numerous disagreements 
among students of the same data re- 


_garding even the exact year in which 


a peak occurred (see, for example, 
Siivonen, 1948, 1950, Palmgren, 1949). 
Also, there are obvious ways in which 
the past history of a population, as re- 
flected in the size of the breeding stock 
surviving winter, in the age and sex 
distribution of its members, and in its 
past influence on the local environment, 
may affect its ability to increase. There- 


fore, some correlation between the popu- 
lations of successive years is to be 
expected. 

Despite the above limitations of the 
random model this hypothesis led to a 
frequency distribution of cycle lengths 
remarkably like many of the empirical 
data on population cycles. The predicted 
mean cycle length was 3.0 years with a 
variance about this mean of 1.12 so 
that the coefficient of variation (the 
standard deviation expressed as a per- 
centage of the mean) was 373 percent. 
These values were essentially identical 
with those obtained from a long series 
of measurements of cycles in the widths 
of tree-rings, and comparison with popu- 
lation data suggested that purely ran- 
dom fluctuation might be expected to 
give “cycles” of slightly greater regu- 
larity than those actually observed. It 
was further noted that random numbers 
yield a longer cycle just three times the 
length of the basic cycle between peaks 
which are “higher peaks’ in the sense 
that they are higher than the two ad- 
jacent peaks. Purely random fluctua- 
tions in a long series then would be 
expected to yield a basic cycle length of 
three years superimposed on a longer 
cycle of about nine years between higher 
peaks. This is very similar to Siivonen’s 
conception of population cycles as a 
basic cycle averaging 33 years in length 
superimposed on a longer cycle three 
times that length. 

By the above observations the writer 
has been led to suspect that population 
cycles are essentially random fluctua- 
tions. A multitude of opposing and inter- 
acting factors influence population size 
and, in species which are capable of 
great population increases in a single 
season, it seems logical to accept the 


a2 


-F €& 5 ft gs 
» ae £6.44 See 


Sai ae 





4 JOURNAL OF WILDLIFE MANAGEMENT, VoL. 18, No. 1, JANUARY 1954 


year as a natural unit of time and to 
anticipate a random cycle of about 
three years. 

There are, however, some features of 
this oversimplified mathematical model 
which are not entirely satisfying. It 
salls for rather long series of data where 
successive numbers inde- 
pendent, where two consecutive random 


random are 
numbers are always recognizably differ- 
ent, and where every population peak is 
counted no matter how small or incon- 
spicuous a “‘ripple”’ it may appear to be. 
It also predicts a cycle length of exactly 
three years with cycles two years in 
length being more frequent than three- 
year cycles. Conversely, most studies of 
empirical population data interpret the 
basic eycle at something over three 
years (usually three to four years) and 
Siivonen (1950) maintains that 3-year 
eveles and even 4-year cycles are more 
numerous than 2-vear cycles. 

The question naturally arises, can the 
discrepancies between observed cycles 
and the results predicted on the basis of 
random fluctuations result from in- 
adequacies of the empirical data or from 
oversimplification of the theory, or must 
we postulate some still unknown perio- 
dicity which governs population size? 
In the following sections the writer will 
some results obtained in con- 

this The general 
conclusion reached is that both the 
known limitations of the empirical data 
and some of the methods of analysis 
applied to them will have the effect of 
increasing cycle length and introducing 
discrepancies between observation and 
theory. Such data should properly be 
compared with random models which 
make allowances for these inadequacies. 
Especially suggestive are the results ob- 


present 


sidering question. 


tained by analyzing the expected results 
of random fluctuations when we aban- 
don the unrealistic assumption of com- 
plete independence between the popula- 
tions of successive years. This minor 
change in our random model provides 
us with an explanation both for the fact 
that population cycles average some- 
what over three years in length and also 
for the discrepancies noted by Siivonen 
(1950) between the frequency distribu- 
tions of cycle lengths in observed and 
expected series. 

The writer now feels considerable con- 
fidence in the random-oscillation ex- 
planation of the 3-4 year population 
cycle. In fact, the apparent random 
occurrence of peak populations provides 
us with a means for measuring the 
relative importance of past population 
history and conditions of the current 
year in determining population size. 
Such a technique appears to have poten- 
tial value in game management practice 
for the greater the degree of independ- 
ence of populations in successive years, 
the smaller will be the effect of changing 
mortality factors. 


(VENERAL PROBLEMS OF DETECTING 
POPULATION CYCLES 

The raw data of time fluctuations in 
populations generally present a very 
irregular-appearing series of oscillations 
and the task of the investigator is to 
attempt to identify any systematic 
oscillations which may be present. Some 
special problems of analyzing time-series 
make it very difficult to accomplish 
this with meaningful results. 

One difficulty arises from the fact 
that essentially any time-series of finite 
length can be expressed or reproduced 
with reasonable fidelity by a sum of 
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periodic functions, sine and cosine terms. 
Since this method will provide us with 
periodic expressions even for curves 
deliberately designed to be irregular it 
is not very convincing evidence of under- 
lying periodicity to be able to express a 
population series in this way. The fol- 
lowing quotation from a student of 
tree-rings May serve as an example of 
the difficulties encountered in isolating 
periodic movements from biological 
time series. 

.. eycles of any length may be present 
and .... variable length, amplitude, dura- 
tion, multiplicity of cycles, and phase and 
other discontinuities are characteristic; 
emerging from this welter of confusion, 
however, appears to be a persistent set of 
cycle lengths related by simple fractions 
to the 11} year sunspot cycle. 

Schulman, 1942 

There is perhaps an even more 
fundamental difficulty involved in ana- 
lyzing time series. One may consider 
that the series consists of a secular trend 
and/or a shorter regular oscillatory 
component on which is superimposed a 
series of random fluctuations. However, 
any attempt to separate these com- 
ponents is likely to introduce oscillations 
into the ‘‘random”’ component. Kendall 
(1946, sect. 29.21) has presented an 
example of this sort and it is easy to 
verify the existence of this phenomenon 
which was apparently first noted in 1927 


-by Slutzky (English translation 1937). 


The difficulty as it concerns us has been 
succinetly stated as follows: 


When we take out one cycle, such as the 
twelve-month cycle, are we likely to put 
in another cycle, with substantial waves? 
Under certain conditions, the answer is: 
Yes. But to understand why such an un- 
welcome cycle intrudes itself, some ex- 
planation is required. 

Dodd, 1941 


An example of the “unwelcome cycles” 
produced by smoothing random data is 
shown in Figure 1. Here a five-point 
moving average, a commonly used de- 
vice for smoothing time series, has been 
applied to the first part of Tippett’s 
table of random numbers (Tippett, 
1927) and the resulting curve exhibits 
a definite appearance of periodicity. It 
is possible to predict the mean length 
of the cycles which are created by 
smoothing random data in this way 
(Dodd, 1941; Kendall, 1946). With re- 
peated smoothing the periodicity be- 
comes still more definite as shown by 
the heavy line in Figure 1 which repre- 
sents the results of taking three suc- 
cessive five-point moving averages of 
these random numbers. It has even been 
shown (e.g., see Wald, 1939) that re- 
peated smoothing will cause random 
data to approach fairly rapidly to a 
cosine curve, the paragon of periodic 
cycles! 

We are forced, therefore, to distrust 
the appearance of cycles in data which 
have been subjected to smoothing. Al- 
though knowledge of this danger in- 
herent in curve smoothing is 25 years 
old (Yule, 1926; Slutzky, 1927) biolo- 
gists can doubtless be excused for dis- 
regard of a eryptic phenomenon which 
until quite recently impressed mathe- 
maticians as “a fact, very astonishing 
when first encountered,” (Davis, 1938) 
or as “this remarkable fact’? (Wald, 
1939). Unfortunate though it may seem, 
it appears that any definitive demon- 
stration of periodic population fluctua- 
tions of a controlled rather than random 
type must be made from unsmoothed 
data. Biologists appear not to be the 
worst offenders in treating their data in 
a manner likely to create ‘‘unwelcome” 
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Fia. 1. 


Cycles produced by smoothing random data. Tippett’s random numbers (fine line) plotted 


in order of appearance, a simple 5-point moving average of these numbers (broken line) and a 
triple 5-point moving average (heavy line) of the same numbers. 


eycles but an awareness of this difficulty 
is essential for any objective treatment 
of data on population fluctuations. 
Even unsmoothed population data 
may be expected to exhibit serial correla- 
tion; that is, the populations of succes- 
sive years are not entirely independent. 
This fact may result in some oscillatory 
tendency similar to that produced by 
moving averages (Dodd, 1941). The 
mathematical implications of this type 
of serial correlation are not thoroughly 
understood. However, since the cycles 
in empirical population data do not 
appear to be more regular than those 
predicted for a series of random num- 
bers (Cole, loc. cit.) it seems unlikely 


that serial correlation has greatly en- 
hanced the oscillatory motions in these 
series. Because has 
other important effects on mean cycle 
length and on the distribution of cycle 
lengths this subject will be considered 
in the latter part of the present paper. 


serial correlation 


THe Mean Lenotu or RANDOM 
CYCLES 
The approach employed previously 
(Cole, loc. cit.) for finding the expected 
mean length of cycles in a series of 
random numbers may serve as a starting 
point for our of cycle 
lengths when some of the assumptions of 


examination 


complete randomness are modified. 








ed 











SomME FEATURES OF RANDOM CycLES—Cole 


For the completely random case we 
assume that we have N numbers, all 
different. For the moment we assume 
nothing about the distribution of the 
sizes of these numbers but merely that 
when we draw them ‘‘out of a hat’ no 
two successive numbers will ever be 
identical (7.e., ties do not occur.) 

We are going to draw these numbers 
one at a time and we assume that they 
are thoroughly mixed so that any one 
number is as likely as any other to be 
drawn first. We also assume that the 
numbers are independent, 7.e., that 
the size of a number is not influenced 
by the size of the number drawn be- 
fore it. 

We may plot in succession on graph 
paper the sizes of the numbers as they 
are drawn. A “peak’’ in our graph is 
obtained when we draw a number 
which is larger than the previous num- 
ber and also larger than the following 
number. A “‘cycle’’ is the distance be- 
tween two consecutive peaks. 

In order to have a peak we must have 
three consecutive numbers so arranged 
that the largest of the three is in the 
middle. For generality let us call the 
positions of the first three numbers 
drawn Z;, Ze, and Z3. The condition for 
a peak is then, symbolically Z;<Z2> Zs. 
We may think of these Zs as ‘‘boxes”’ 
2ach to be filled with one number and 


‘we want the probability of obtaining 


a peak, that is, of satisfying the condi- 
tion Z;<Ze>Z3. 

We know, from an assumption made 
above, that our first three numbers will 
all be different; let us say they are 
a>b>ec. There are six possible orders 
in which these numbers can be drawn 
(abe, acb, bac, bea, cab, and cba) and, 
since they are thoroughly mixed and in- 


wy 
é 


dependent, any one order is as probable 
as any other. Only two of these orders 
(bae and cab) will give us peaks, so if 
we repeat this experiment over and over 
we shall find the probability of drawing 
three random numbers which constitute 
a peak to be 2/6 = 1/3. 

In a series of N numbers there are 
N—2 groups of three consecutive num- 
bers and on the average 3 of these will 
give us peaks; hence the average num- 


+ 


—. Since a cycle 


ber of peaks will be 





is the distance between two consecutive 
peaks, the number of cycles in our series 
will be one less than the number of 
N-2 N-5 ,, 
—-l= . The 

3 3 
mean length of the cycles will simply be 
the total length of our series divided by 
the number of cycles in it. That is: 

. N-5 3N 
N +-—3- =~: (1) 
3 N—5 


mean length of fundamental cycle. 


peaks; that is: 











The same reasoning may be used to 
find the mean length of the ‘‘longer”’ 
cycle between what we shall here call 
“dominant”? peaks. We define a domi- 
nant peak as a peak which is higher than 
the peak preceding it and also higher 
than the peak following it. Since, by 
definition, our N numbers are all differ- 
ent, so are all of our peaks of different 
heights. It will take a group of three 
peaks to determine a dominant peak 
and, as before, the probability that we 
will get a dominant peak from our three 
(7.e., that the highest peak will be in 
the middle) is 3. 

The number of groups of three peaks 
in any arrangement of our N numbers 
will be two less than the total number 

a2 .. 2S 


f peaks, that is: — 2 
of peaks, that i 3 5 
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Since 4 of these groups determine domi- 

nant peaks, the average number in any 

, ,(N-8 N-8. 

arrangement will be 3 { —— } = —— 
3 9 

The number of “longer” cycles being 

one less than the number of dominant 

‘ N-8 N-17. 

peaks, will be: —— — 1 = —— 
9 9 

The mean length of the longer cycle 

will then be: 

, , N-17 9N 

m=N + —— = .——; 

9 N—17 


mean length of “longer” cycle. 


---+= (2) 


THE PROBLEM OF SHORT SERIES 
OF OBSERVATIONS 

Equations (1) and (2) involve N, the 
length of our observational series. The 
fundamental cycle (Equation (1) ) is a 
three-‘‘year’’ cycle for a long series, but 
many of our empirical population data 
provide rather short series of observa- 
tions. 

If we have observed the size of a 
population over a period of only 20 
years Equation (1) predicts a mean cycle 
length of 60/15=4 years. If we have a 
series 35 years long we would expect 
a mean cycle length of 35 years and for 
a series 50 years long the predicted mean 
eycle length is 34 years. Equation (1) 
predicts a cycle length of 3.15 when 
N=100 so that for series longer than 
this it is reasonable to ignore the value 
of N and speak of a 3-year cycle. This 
phenomenon, however, provides one 
way of explaining the fact that zoolo- 
gists usually find a basic cycle length of 
somewhat over three years in their popu- 
lation data. 

For the ‘‘longer”’ cycle between ‘“‘dom- 
inant”? peaks Equation (2) predicts a 
mean length of 13.6 years when N =50, 
of 10.8 years when N=100, and of 9.8 


years when N=200. In a very long 
series this would, of course, become a 
nine-year cycle. 

The two equations obtained above 
apply to the case where the probability 
is 3 that three successive observations 
will determine a peak. In the section to 
follow we are going to consider situa- 
tions in which this probability may not 
be exactly 4 so it will be worthwhile to 
rewrite Equation (1) in a more general 
form so that the effect of short series of 
observations can be considered along 
with the effects of overlooking minor 
peaks in the series. 

We will use the symbol p for the 
probability that three consecutive ob- 
servations determine a peak. The aver- 
age number of peaks in any drawing of 
N observations is then p(N —2) and the 
number of cycles is p(N —2)—1. Hence 
the mean cycle length is: 

_ N 

~ p(N—2) —1 
mean cycle length in a series of N distinct 
and independent numbers when p is the 
probability that 3 consecutive numbers 
determine a peak. 

If p=} Equation (3) becomes identi- 
‘al with Equation (1). When p is not 
necessarily 4, the values obtained from 
Equation (5), (7), (10), or (13) may be 
substituted in Equation (3) to obtain 
the mean cycle length in short series. 


m 





THE PROBLEM OF SIZE AND 
PROMINENCE OF PEAKS 

In studies of theoretical cycles a peak 
population year is defined as any year 
in which the population exceeds those 
of both the preceding and the following 
year. The writer sees no other objective 
way of defining peaks so that all stu- 
dents can agree as to the number of 
cycles contained in a given series of ob- 
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servations. Furthermore, as pointed out 
sarlier (Cole, loc. cit.), the compound 
interest nature of potential population 
growth is such that actual population 
sizes do not necessarily bear any con- 
stant relationship to the magnitude of 
an environmental stimulus for popula- 
tion growth. Identical environmental 
conditions could be expected sometimes 
to produce a very small peak and other 
times a very high peak depending upon 
the size and sex and age structure of 
the population at the time these condi- 
tions occur. 

When examining graphs of population 
fluctuations it is difficult to resist the 
temptation to ignore very small peaks 
or minor peaks which appear to be 
merely hesitations in the course of 
longer population oscillations. In some 
‘ases curve smoothing has been em- 
ployed to wipe out these minor peaks 
and in other cases these minor popula- 
tion changes have undoubtedly gone 
undetected as a result of lack of pre- 
cision in census methods. In still other 
studies minor peaks have simply been 
ignored, the investigator then being de- 
pendent on subjective impressions as to 
when a peak is sufficiently large to be 
counted. If we were to employ any of 
these devices in studying the ‘‘cycles” 
in a series of random numbers our 
theory would no longer predict a cycle 


‘length of 3 years. If population data in 


which some peaks have been ignored are 
to be compared with random oscillations 
we must consider the effect of ignoring 
minor peaks in a series of random num- 
bers. 


Small peaks 


If we are drawing numbers which are 
truly random, all numbers from zero to 


the largest possible with the number of 
digits in our table (9999 using the 4-digit 
numbers as printed in the tables of Tip- 
pett or Kendall and Babington Smith) 
are equally likely to be obtained in any 
single random drawing. For convenience 
Wwe may imagine a decimal point before 
each random number and say that all 
numbers between zero and one are 
equally probable—in mathematical par- 
lance, our numbers are equally distrib- 
uted in this range. 

Now let us choose arbitrarily any 
number whatsoever in the range zero 
to one and call this number k. If we 
then draw one of our random numbers 
the probability that this number will be 
smaller than k is precisely k and the 
probability that it will be larger than 
k is 1—k. If we draw 3 numbers the 
probability that these will all be less 
than k is k* since the probability that 
several independent events will all occur 
is the product of their separate proba- 
bilities.. We have already seen that the 
probability that 3 random numbers will 
define a peak is 3; hence the probability 
of obtaining a peak which is smaller 
than some arbitrary value is: 

pm ones soll 

3 
probability of obtaining a peak which is 
smaller than k. 

The probability that at least one of 
our random numbers will be greater 
than k is obviously 1 —k?* and, therefore, 
the probability of obtaining a peak in 
which the peak value is greater than 


k is: 


probability of a peak higher than k. 


If our series of random numbers is 
reasonably long the mean “‘cycle length” 


£5 22 Be h2 


Pees” 2S. 
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(peaks higher than same arbitrary value 
k) will for all practical purposes be: 


mn = 


mean length of cycles bounded by peaks 
higher than k.! 

Equation (6) shows that if instead of 
counting every peak in a random series 
we only count those peaks which reach 
some definite height we shall obtain 
longer and longer cycles as the value of 
k is increased. 


Prominent peaks 


Another circumstance under which 
even a high peak is likely to be dis- 
regarded occurs when the peak value 
differs but slightly from the lower num- 
bers preceding and following it. Such 
non-prominent peaks may be interpreted 
as mere hesitations or even as artifacts 
occurring in the course of a longer period 
oscillation. As in the case of low peaks 
we cannot expect to obtain a mean cycle 
length of exactly 3 if we are going to 
ignore some of the peaks because they 
are not sufficiently prominent. Once 
again, if only prominent peaks are to 
be counted in interpreting population 
cycles, then any comparison with ran- 
dom cycles must be with a model which 
provides for the ignoring of minor peaks. 


1 This formula was given in a footnote to the 
author’s previous paper on this subject (Cole, 
loc. cit.). Professor Mark Kac of the Cornell 
Department of Mathematics has also obtained 
an expression for the variance of the distribu- 
tion of cycle lengths about this mean value and 
also about the mean value given by equation 
(8). Both of his formulas are complicated and 
not well suited for computations unless this 
subject later assumes greater importance than 
seems likely to the writer. Professor Kac’s 
methods of solving these problems will be pub- 
lished later in another journal. 


To obtain an appropriate random 
model for the length of cycles between 
prominent peaks we again consider that 
our three successive random numbers, 
Z;,Z2,Z3, Which are necessary to define 
a peak are uniformly distributed in the 
range 0-1. We wish to obtain the proba- 
bility that Ze is a peak and also that it 
is greater than either Z, or Z3 by at least 
some constant value s. In other words, 
we want the probability of picking three 
successive random numbers such that 
Z, will lie in the range between zero and 
Zo—s, that Zs will lie in the range be- 
tween s and 1, and that Zs; will lie 
between zero, and Z.—s. 

This probability may readily be ob- 
tained from geometric considerations. 
Since our three numbers Z),Ze, and Zs 
are all uniformly distributed over the 
range zero to one, all possible combina- 
tions of values of the three may be rep- 
resented by a cube where each edge is 
of total length one and represents values 
of one of the three numbers. The vol- 
ume of such a cube is, of course, also 
unity and our desired probability is 
simply the proportion of this volume 
which is acceptable under the conditions 
that Z; and Z; must always fall in the 
range between zero and Ze—s and that 
Z2 must fall in the range between s and 
unity. Thus the extreme range of ac- 
ceptable values is given by the condi- 
tions that Zs varies between s and 1 and 
that Z, and Z3; vary between zero and 
1—s. This volume is a pyramid cut from 
the unit cube. Its base lies in the ZZ; 
plane where Z.=1 and has a length of 
l1—s on each side. Its area is (1—s)?. 
The altitude of the pyramid is simply 
the range of acceptable values of Ze 
which is also 1—s. Since the volume of 
a pyramid is equal to the altitude multi- 





me 
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plied by one-third of the area of the 
base, we obtain for our desired proba- 
bility: 


probability of obtaining a peak which 
exceeds the values adjacent to it by at 
least s. 

The mean cycle length between such 


prominent peaks will then be: 
3 
m= 7—j3----- (8) 
mean cycle length between prominent 
peaks. 

Possibly to appear conspicuous a peak 
need only be followed by a sharp drop 
or preceded by an abrupt rise whether 
or not it is much higher than the other 
point adjacent to it. We shall refer to 
such peaks as ‘conspicuous’ peaks 
noting that “prominent” peaks are also 
“conspicuous” peaks. To obtain the 
probability that a peak will be followed 
by a drop of at least s (7.e., Ze will ex- 
ceed Z; by at least s) whether or not 
it is preceded by an abrupt rise we pro- 
ceed exactly as in obtaining Equation 
(4). The only difference is that in this 
case the extreme range of Z, is between 
zero and Ze instead of between zero and 
1 —s. The acceptable portion of the 
cube then becomes a solid triangle plus 
a pyramid and its volume (our desired 
probability) is: 





probability that a peak will exceed the 

value following it by at least s. 
This probability is, of course, identical 
with the probability that a peak will be 
preceded by a rise of at least s but not 
necessarily followed by an abrupt drop. 
In either case this probability includes 
the probability of obtaining a “promi- 
nent’’ peak since such peaks are also 


“conspicuous” peaks. The total proba- 
bility of obtaining any kind of conspicu- 
ous peak is simply the volume of the 
pyramid occupied by prominent peaks 
plus the increased volume added by 
accepting either kind of conspicuous 
peak. This is: 
(1—s)? (2s+1) 


+: eg ane 6 008 10) 


probability of obtaining a “conspicuous” 
peak. 





The mean distance between conspicuous 
peaks is then: 

3 
~ (1—s)? (2s+1) 


mean cycle length between conspicuous 





m 


peaks. 

We are now in a position to employ 
Zquations (6), (8), and (11) in order to 
examine the way in which the average 
cycle length in a series of random num- 
bers will be affected if some of the 
minor peaks are neglected in counting 
the number of cycles obtained. Table 1 
shows for different levels of exclusiveness 
the effects of neglecting peaks which are 
low, inconspicuous, or non-prominent. 

The effect of overlooking any peaks 
is obviously to increase the cycle length 
but Table 1 shows that the effect of 
neglecting low peaks is much _ less 
drastic than that produced by counting 
only peaks which are conspicuous or 
prominent. In the case of low peaks the 
mean cycle length is not increased from 
3 “‘years’”’ to 4 “‘years’’ unless all peaks 
below about 63 percent of the maximum 
random value obtainable are ignored. 
On the other hand, if one counts only 
peaks which are “conspicuous” to the 
extent that they exceed one of the ad- 
jacent values by 20 percent of the maxi- 
mum amplitude of the random series, the 
theory predicts a mean cycle length of 
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PrepIcTED MEAN CYCLE 
LENGTHS IN SERIES OF RANDOM NUMBERS 
WHEN SoME OF THE “MrNOoR”’ PEAKS ARE 
NEGLECTED AND CycLe LENGTHS MEASURED 
BETWEEN THREE TYPES OF OBJECTIVELY 
DEFINED AND MeEaAsuRED ‘‘Masor” PEaAks.? 


TABLE 1.—THE 











Mean cycle length (‘‘years’’) 
of - : — 
exclu- Between Between Between 
siveness “high’’ ‘“conspicuous”’ ‘“‘prominent”’ 
kors peaks peaks peaks 
0 3.000 3.000 3.000 
an 3.003 3.086 4.115 
.2 3.024 3.348 5.859 
3 3.083 3.827 8.746 
4 3.205 4.630 13.889 
5 3.429 6.000 24.000 
.6 3.827 8.523 46.875 
RY 4.566 13.889 FSi. 33 
8 6.148 28.846 375.000 
9 11.070 107.142 3000 .000 





about 3} years. Counting only ‘“promi- 
nent’’ peaks has a still more drastic 
effect. The mean cycle length between 
peaks which are prominent to the extent 
that they project above their adjacent 
points by 10 percent of the total ampli- 
tude is slightly over 4 “years”. The 
predicted mean cycle length increases 
very rapidly as one becomes more dis- 
criminatory in counting either conspicu- 
ous or prominent pedks. Evidently, if 
one is prepared to ignore some of the 
minor peaks in even a random series he 
may, depending on his criteria of select- 
ing peaks, confidently expect to obtain 
any mean cycle length 
greater than three years. 


whatsoever 


2These tabulated mean cycle lengths are 
computed for very long series of observations. 
In short series the mean lengths will be some- 
what greater. Equation (3) may be used along 
with equations (5) (7) and (10) for such 
computations. 


LAcK OF REFINEMENT OF CENSUS 
METHODS 


In the writer’s previous paper (loc. 
cil.) it was pointed out that the effect 
of tie values (successive random num- 
bers which are identical) would be an 
apparent increase in mean cycle length. 
In deriving the theoretical mean cycle 
length of 3 years we assumed that the 
probability of ties was so small that it 
could be neglected and in our random 
sampling we employed 4-digit numbers 
so that this assumption would be satis- 
fied. However, this procedure would not 
be entirely correct if we were merely 
sampling single random digits so that 
ach random number could only be dis- 
tinguished as belonging to one of 10 
-ategories. Many of the data on popula- 
tion fluctuations provide only a rough 
classification of population size into a 
rather small number of categories so it 
appears that we should examine the 
effect of this inexactness on the mean 
evele length to be expected. 


Let us designate by n the number of 
recognizably different levels of popula- 
tion size which our census method will 
discriminate. We have already shown 
that the probability that three random 
numbers will constitute a peak is } 
when n is large. It is very easy to see 
that this will not be the case when n is 
small (7.e., when our method 
yields a very crude classification of 


census 


population size.) 

As an extreme example let us consider 
that we can only recognize two popula- 
tion levels, large (L) and small (S), so 
that n=2. If we are picking random 
numbers each of our three points neces- 
sary to define a peak has an equal 
probability of being classed as L or 8. 
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There are, therefore, 2°=8 different 
possible groups of three using the sym- 
bols Land § but only one of these groups 
(SLS) will be recognized as a peak. 
Under this extreme condition the proba- 
bility that 3 successive random numbers 
will determine a peak is § and the mean 
evcle length in a long series will be 8 
vears. 

If three population levels are recog- 
nizable, say large (L), medium (M), and 
small (8), there will be 3*=27 possible 
groups of three of which five (SMS, 
SLS, MLM, MLS, and SLM) will be 
recognized as peaks. The probability 
that three points determine a peak then 
will be 5/27 and the corresponding mean 
eyele length will be 27/5=5.4 years. 

In the general case, calling our three 
random numbers Z;, Ze, and Z3, and the 
condition for a peak Z,<Ze>Zs3, the 
number of ways of having Z2.>Z, is the 
number of ways in which n items may 
be selected 2 at a time. This is the 
binomial coefficient (3) «= 


9) ») 


Therefore, for each unit increase in n 


—] 
we add (3) ~ i ) = (n—1) ways 


of having Z2.>Z, and each of these added 
ways adds (n—1) ways of obtaining a 
peak. Each unit increase in n then adds 
a total of (n—1)? ways of obtaining a 
peak. Starting with one peak at n=2, 


_the number of peaks possible for any 


value n is simply the sums of the squares 
of the integral numbers from one up to 
(n—1). By substitution in the standard 
formula for the sums of squares of suc- 
cessive integers we obtain: 
Number of types of peaks = 
n(n—1) (2n—1) 
6 





The total number of types of arrange- 
ments of three points possible with n 
points is n* since each of the three num- 
bers may assume any of n equally 
probable values. Dividing the expression 
in Equation (12) by n* we obtain: 
_ (n—1) (2n—1) 
- 6 n? 
probability of obtaining a peak when n 
levels of population size can be distin- 
guished. 





Since Equation (13) can also be written 


in the form: 
a a oe 
3 2n 6n? 
the probability of a peak approaches 4 
as a limit as n becomes very large. 

The mean cycle length observed in 
random series is, therefore, dependent 
on the degree of refinement of the census 
method and is given by the equation: 

6nF 

(n—1) (Qn—1) 

mean cycle length when n levels of popu- 
lation size are distinguishable. 





it is obvious that 


m 


If n=10 as would be the case in drawing 
random digits from zero to 9 or in fol- 
lowing the fluctuations of a population 
which we can measure accurately enough 
to distinguish 10 size categories, Equa- 
tion (14) predicts a mean cycle length 
of 3.51 years if the fluctuations are ran- 
dom. When n=15 we should obtain a 
mean length of 3.325 years, about the 
length of the basic population cycle ac- 
cording to Siivonen’s interpretation. 
On the other hand, if 100 distinct levels 
of population size are distinguishable 
(n=100) the predicted mean cycle 
length becomes 3.046 years which is 
essentially the 3.0 year cycle predicted 
when the probability of tie values is 
completely ignored. 
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Ranpom Cycies WitTH SERIAL CORRE- 


LATION BETWEEN YEARS 


Palmgren (1949) and Cole (1951) 
both computed two-point moving aver- 
ages of random series and found a basic 
eyele length in each case of about four 
vears. The rationale for this approach 
is the obvious fact that the size of a 
population in one year is not solely a 
function of events occurring in that year 
but also of past events. A two-point 
moving average would provide the ap- 
propriate model for population fluctua- 
tions where random events of the current 
vear and of the preceding year are as- 
sumed to be equally important in de- 
termining population size. In general, 
however, we cannot assume equal im- 
portance for two consecutive years and 
some more realistic model is required. 

Perhaps the most direct way of at- 
tacking this problem is to consider the 
case where random events of the current 
vear and those of the previous year both 
influence population size but where they 
are not necessarily equally important. 
This amounts to taking a two-point 
moving average but assigning different 
weights to the two “years”. For con- 
venience we will give a weight of one 
to the current “year” and represent by 
w the weight to be assigned to the pre- 
ceding year. w will then represent the 
importance of carry-over between years 
expressed as a proportion of the impor- 
tanee of conditions of the current year 
on population size. 


When w=0, successive years will be 
completely independent and the random 
cycles will be of the type already dis- 
cussed. If w=1, two successive years 
will be of equal importance and the 
appropriate model for random fluctua- 


tions will be a two-point moving average 
of random numbers. For the biologically 
more interesting intermediate 
where 1>w>0, w will represent the 
relative importance of two successive 
years. A knowledge of the way in which 
‘random cycles are influenced by the 
ralue of w will permit comparison of 
observed and theoretical series of cycles. 
It will also be possible to reverse the 
procedure. One may observe a series of 
population fluctuations and from the 
empirical data obtain an estimate of w 
which represents the annual carry-over 
in population influence if the cycles are 
induced by random environmental fluc- 


7aSesS 


tuations. 

Biologically, this measure of annual 
carry-over, w, would be a complex quan- 
tity. It would depend on the size of the 
breeding stock surviving from one vear 
to the next, on the sex ratio and age 
distribution of this breeding stock, and 
upon any persistent influence exerted by 
the previous population on the food 
supply or other resources of the environ- 
ment. Nevertheless if an average value 
for this carry-over can be obtained it 
may be useful in studying and managing 
natural populations. In a species for 
which the value of w is nearly zero it is 
evident that next year’s population will 
not be greatly influenced by events this 
year and that intensive hunting pressure 
or control measures will have little effect 
on the future population. The larger 
the value of w the more vulnerable the 
future population will be to reduction 
of the current population. 

To determine the way in which ran- 
dom cycles are affected by non-inde- 
pendence of successive years we first 
consider the conditions necessary to give 
a peak in our series. Calling our suc- 
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cessive random numbers Z;, Ze, Zs3, etc., 
we note that a peak is now determined 
by four numbers (rather than three) 
and is defined by the condition: wZ; + 
Zo<wZe + Z3>wZ3 + Zs, which may 
be written in the form of the two in- 





equalities: 
r—] Z2—Z: € | on 
Z< L 2 3, and (15) 


Z4<Z3(1—w)+wZe. 

conditions under which four points de- 

termine a peak. 

In any arrangement of N random 
numbers there are N—3 groups of four 
consecutive numbers. If we let p be 
the probability that four consecutive 
numbers determine a peak we will have 
p(N—3) as the mean number of peaks. 
The number of cycles, being one less 
than the number of peaks, will be: 
p(N—3)—1 and the mean cycle length 
will be: 

N 
p(N—3)-1 
mean cycle length when p is the proba- 
bility that four successive points. will 


m = 


determine a peak. 

If p= as in the ease of complete inde- 
pendence. Equation (16) becomes 3N/ 
N—6 which is for practical purposes 
identical with Equation (1) for series of 
even moderate length. 

The problem of finding the probability 
that four points will determine a peak 


_in terms of w presents rather surprising 


complexities. When w=0, conditions 
(15) become simply Z3>Ze and Z3>Zs. 
This is the probability of drawing three 
random numbers with the largest num- 
ber in the middle which, as already 
shown, is }. When w=1 conditions (15) 
become Z;>Z, and Ze>Z,y. The even- 
numbered and odd-numbered points are 
independent and each of the conditions 


has a probability of 3, hence their joint 
probability is p=}. The mean cycle 
length will then be: 
4N a 
m= 3 e***** (17) 
mean cycle length in a two-point moving 
average of random numbers. 





In a long series this mean cycle length 
will be four ‘‘years,’’ approximately 
what Palmgren (1949) found in his two 
point sum of random data. 

It is much more difficult to determine 
the value of p for values of w other than 
zero and one. If we substitute (1/w) for 
w in Equations (15) these become: Z;< 
Z3(w— ] )+Zeo. 

w 
These conditions obviously have proba- 
bilities identical with those of the origi- 
nal conditions (15) so that for w>1 we 
shall obtain only the same values of p 
as in the range between zero and one. 
It is, therefore, entirely sufficient to 
find the values of p for conditions (15) 
corresponding to values of 12w>0. The 
writer is extremely grateful to Professor 
Mark Kae for solving this problem’ and 
obtaining the general equation: 


IE owen (18) 





Zol—w) + wZ3 and Z4< 


p= 


Kac’s equation for the probability in 
terms of w that four successive random 
numbers will determine a peak. 
The writer has verified Equation (18) 
by combinatorial methods for selected 
values of w but the procedure is quite 
involved and will not be presented here. 
By substituting Equation (18) into Equa- 


3 Professor Kac’s solution of this problem is 
given in Appendix II to the present paper. The 
writer believes that this approach to population 
cycles may be of considerable practical value 
and that it is desirable to make available the 
formal mathematical basis for the procedure. 
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tion (16) we obtain for the mean cycle 
length: 

12N : 
- (19) 


m 


the mean length of random cyeles in 
terms of the number of observations, N, 
and the annual carryover, w. 

For long series of observations Equa- 
tion (19) predicts a mean cycle length 
of three vears when w=0, increasing to 
four years when w=1. In shorter series 
(small N) the mean cycle lengths will be 
somewhat greater. When w is greater 
than one the mean cycle length gradu- 
ally decreases and would again approach 
three if w became infinitely great. Thus 
there are two values of w, one less than 
unity and one greater than unity, corre- 
sponding to any value of m. If one has 
observed population size over a period 
of N vears and has found a mean eycle 
length of m years, Equation (19) pro- 
vides a cubic equation which may be 
solved for the value of w, the annual 
carry-over, by ordinary algebraic meth- 
ods. For this purpose it is convenient to 
rewrite Equation (19) in the form: 

ws — Ww" we (Xm ee =) =(). 

m(N—3) 
When one has solved this equation for 
an empirical series he will obtain a value 
of w between zero and one suggesting 
that past events are less important than 
conditions of the current year in de- 
termining population size. If there is 
reason to suspect that past events are 
more important than current events it 
will be necessary to interpret the value 
of w obtained from Equation (19) as 
* will give the 


1/w. For example, w=3 


same mean cycle length as w=2, and 
w=} will give the same result as w=3. 
It is noteworthy that in long series of 


observations the type of annual carry- 


over here discussed will always lead to 
a mean cycle length somewhere in the 
range from three to four years. 

Because the effect of population carry- 
over from one year to the next definitely 
should be considered in a mathematical 
model for population cycles the writer 
had hoped to present a complete analysis 
of this model giving the frequency dis- 
tribution of cycle lengths for different 
values of w. Such an analysis, however, 
has turned out to present mathematical 
difficulties which are rather surprising 
in view of the innocent appearance of 
the original model. Neither the writer’s 
attempts nor the methods employed by 
Professor Kae yield practicable methods 
for computing the frequencies of cycles 
of different lengths in terms of w. 

Because of these difficulties an ap- 
proximate method for finding the fre- 
quency distribution of cycle lengths is 
the most that can be offered at this time. 
The writer conducted a laborious sam- 
pling experiment utilizing the first 1000 
four-digit random numbers in the table 
by Kendall and Babington Smith (1939). 
The distribution of cycle lengths was 
determined for values of w preceding 
by steps of 0.1 in the range from w=0 
to w=1.0. When the frequencies of 
cycles of different lengths were plotted 
against values of w it was evident that 
the points representing any particular 
evcle length could be estimated rather 
closely by means of a straight line 
(Figure 2). 

For the two particular values w=0 
and w=1 the expected frequency dis- 
tribution of cycle lengths may readily 
be computed by methods outlined earlier 
(Cole, loc. cit.). The appropriate formu- 
las for making these computations are 
given in Appendix I. By straight line 
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Fic. 2. The effect of carry-over on the relative frequencies of cycles of different lengths in 1000 
random numbers. Cireles represent observed points and straight lines represent values predicted 
by interpolation between theoretical frequencies for w =0 and w=1. 


interpolation between the cycle fre- 
quencies for these two values of w one 
may estimate the frequency of cycles of 
any length corresponding to intermedi- 
ate values of w (e.g., for w=0.4 we 
would take 6/10 of the value for w=0 


‘plus 4/10 of the value for w=1). 


Figure 2 shows the observed and 
computed distributions of cycle lengths 
in the writer’s sampling experiment. It 
will be noted that the frequency of 
two-“‘year’”’ cycles decreases quite rap- 
idly as w increases so that three-year 
cycles come to outnumber two-year 
cycles at a very low value of w (esti- 


mated at w =0.16 for long series). Four- 
year cycles also come to outnumber 
two-year cycles when w is approxi- 
mately 3. 

This preponderance of three-year and 
four-year cycles over the two-year cycles 
has been interpreted by Siivonen (1950) 
as “conclusive” evidence against the 
random origin of the short population 
cycles. Actually it now turns out to be 
a natural consequence of the obvious 
fact that populations in successive years 
are not completely independent. Many 
of the empirical data, even those ana- 
lyzed by Siivonen (1948) do not show 
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TaBLe 2.—CoMPARISON OF THE OBSERVED (PARENTHESES) AND PREDICTED DISTRIBUTIONS OF 
Cycie Lenetus in 1000 4-piair RanpomM NuMBERsS FOR VARIOUS VALUES OF W. 




















w 
Length 0 0.2 0.4 0.6 0.8 1.0 
: PPE ee eee ee 132.1 105.6 82.3 61.8 44.8 28.2 
(135) (104) (82) (60) (45) (28) 
iia dka ns ogseransseks 116.2 105.3 95.8 87.4 82.0 75.2 
(109) (107) (96) (90) (86) (81) 
ee ee oo 6.9 62.2 65.1 67.5 8 ee 73.5 
(64) (66) (64) (62) (65) (61) 
intense hedindwhae wean’ 22.0 26.8 31.0 34.6 38.9 41.8 
(18) (23) (32) (37) (43) (49) 
Di aicadare nt cearandenwee 6.5 10.3 13.5 16.3 19.2 21.5 
(9) (15) (17) (21) (20) (18) 
\ SCR Ee ae Te nares 1.7 3.4 4.9 6.2 ia 8.6 
(0) (0) (3) (6) (8) (11) 
Ricccsiquticecewices.s ea 1.i LZ 2.2 2.8 3.2 
(0) (0) (1) (1) (1) (3) 
Chi-square............... 4.438 7.467 1.984 2.759 2.408 5.066 
Observed mean........... 2.985 3.175 3.390 3.610 3.745 3.953 
Predicted mean (eq. 18)... 3.000 3.186 3.425 3.686 4.000 


3.906 





an excess of three-year and four-year 
cycles. This may be interpreted as 
meaning that the annual carry-over in 
population influence varies from place 
to place and from species to species. 
The relative frequencies of cycles of 
different lengths may, in fact, aid in 
estimating the value of w (see appendix). 

Table 2 illustrates, for different values 
of w, how closely the observed cycle 
frequencies are estimated by interpola- 
tion between cycle probabilities for 
w=0 and w=1. The values of Chi- 
square at the foot of each column all 
correspond to probability values of 
greater than 25 per cent in judging 
goodness-of-fit. Actually, the Chi-square 
test is not quite valid for comparing 
observed and theoretical distributions 
of cycle lengths in time series (see Wallis 
and Moore, 1941) but Table 2 suggests 
that this method of computing the ex- 


pected distributions gives a very good 
estimate of relative frequencies. It also 
indicates that Kaec’s equation for the 
mean cycle length (Equation 18) gives 
excellent agreement with the observed 
facts. 


Discussion 


If one were setting out to construct a 
definitive theoretical model for popula- 
tion cycles induced by random environ- 
mental fluctuations he might quite logi- 
cally begin somewhat as follows: 

1) Assume that there is some mini- 
mum number of individuals of the 
species in question which will sur- 
vive any winter in the region under 
consideration. Any excess in the 
fall population above this minimum 
value will be subject to mortality 
varying in intensity with the vaga- 
ries of winter conditions. We may 
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draw a random number to repre- 
sent this mortality rate for any 
particular winter. 

The individuals which survive win- 
ter (the minimum population plus 
some of the excess in most years) 
will reproduce and tend to expand 
the population in summer. This 
population growth would be ex- 
ponential in an unlimited environ- 
ment but in actual cases it is 
damped and assumed a sigmoid 
shape because some resources of 
the environment are inadequate to 
support unlimited growth. We 
might select the familiar logistic 
function as an acceptable model for 
population growth and let its upper 
limit (asymptote) fluctuate in aec- 
cordance with the magnitude of 
another random number which we 
would draw to represent environ- 
mental fluctuations from year to 
year. Known breeding rates for the 
species under consideration could 
be introduced into the model to 
represent the potential rate of sum- 
mer population increase. 

Such a theoretical model could, with 
proper adjustments of the values of the 
constants and possibly with some refine- 
ment of the assumptions, almost cer- 
tainly be made to duplicate any of the 
established features of population cycles. 


~) 
Nos 


It would provide a picture not only of 


the distribution of cycle lengths but also 
of the shape and amplitude of the popu- 
lation oscillations. 

The actual population data available 
to us, however, do not provide a definite 
enough picture of the shape and ampli- 
tude of cycles to justify attempts to set 
up so refined a theoretical model. In 
the longer series of data it is, in fact, 


somewhat frustrating to attempt even 
to designate particular years as peaks 
in the cycle. One cannot fail to be im- 
pressed by the diligence and persever- 
ence underlying such analyses as those 
of Elton (1942), Elton and Nicholson 
(1942, 1942a) and Siivonen (1948). 

The result of the many difficulties in- 
volved in analyzing series of population 
data even for the purpose of obtaining 
a frequency distribution of eycle lengths 
is that differences of opinion and in- 
terpretation may arise. Some authori- 
ties contend that the ‘10-year’ cycle is 
a smooth rise and fall in numbers while 
others maintain that it is interrupted by 
minor peaks. It is contended by some 
that the population cycles are syn- 
chronous over tremendous areas and by 
others that the cycles may be independ- 
ent in adjacent areas. If cycles in 
different regions are independent but 
data from these regions are added to- 
gether to construct a table, what should 
one expect to obtain as a final result? 
A table of random numbers? The actual 
results will, of course, vary with the 
circumstances and no general conclu- 
sions are possible which will cover all 
of the ways in which such data may be 
treated by different workers. 

The present writer feels that such 
population cycle data as we have today 
are consistent with the hypothesis that 
population changes are initiated by 
purely random fluctuations in environ- 
mental conditions. The observed cycles 
may differ somewhat from those de- 
scribed earlier (Cole, loc. cit.) because 
of peculiarities in the empirical data. 
The populations of successive years are 
not independent but are linked together 
both by the fact that the breeding stock 
for one year ordinarily represents indi- 





viduals surviving from the previous year 
and by persisting effects exerted by the 
population on the local environment. 
Further than this even, the food supply 
of many populations, especially of 
predators, is itself fluctuating with some 
correlation between the amounts avail- 
able in successive vears. At first glance 
it seems surprising that under these 
conditions there should be as much re- 
semblance as is actually found between 
population cycles and the cycles in ran- 
the present paper 
consideration has been given to the ex- 
pected effects of this type of serial 


dom numbers. In 


correlation on the cycles in random 
and the 
that the 


independence will be to increase the 


general conclusion 


influence of 


numbers 
reached non- 
resemblance between population cycles 
and random cycles. 

Another serious difficulty encountered 
in making comparisons between popula- 
tion data and the cycles in random num- 
bers arises from the tendency of popula- 
tion students to neglect some of the 
peaks in the series. Undoubtedly some 
actual population peaks are never re- 
flected in the rough estimates of popula- 
tion size usually available for these 
studies and it is likely that other minor 
peaks are smoothed out by averaging 
data for different regions, even in cases 
where the investigators have not de- 
liberately resorted to curve smoothing 
in order to enhance the appearance of 
regularity. But 
sources of discrepancy it is common for 


even beyond these 
writers on population cycles to neglect 
some of the peaks which actually appear 
in their data. For example, Table 3 was 
prepared from Tables 1 and 2 of the 


paper by Elton and Nicholson (1942) 


by listing the vears which we would 
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TABLE 3.—PEAK YEARS IN Muskrat Popv- 
LATIONS AS RECORDED BY ELTON AND NICHOL- 
son (1942) From THE Hupson’s Bay Company. 


Mackenzie River 
District 


Northern 
Department 


Peak Cyele- Peak Cycle- 
years lengths years lengths 
1822 1853 
6 6 
1828 1859 
5 } 
1835 1863 
i 5 
183% 1866 
9) ! 
1842 1870 
5 8 
IS45 1878 
7 6 
1852 1S84 
4 D 
L856 IS89 
6 5) 
1862 1894 
10 2 
1872 1896 
2 5 
S74 1899 
3 } 
IS77 1903 
> 6 
1880 1909 
2 6 
1882 1915 
1 6 
1886 1921 
?? 
1901 
8 
1909 
3 
1912 
MEAN LENGTH 
OF RecorpED 4.7 4.9 
CYcLEs 


class as peaks if we were counting all 
peaks in a random series. The mean 
length of the cycles actually recorded in 
the data is found to be slightly less than 
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five but from these data the 


authors conclude: 


years, 


Analysis .... shows that there has been, 
since about 1850 at any rate, a strongly 
marked cycle in numbers of muskrats 
with an average period of recurrence of 
about ten years. 

Elton and Nicholson (1942). 


The above conclusion was obtained, 
of course, by neglecting minor peaks. 
As shown in Table 1 of the present paper 
and the discussion preceding it, this 
same sort of conclusion could be ob- 
tained for a random series by neglecting 


minor peaks. If some objective grounds 
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peaks which are to be ignored it will be 
possible to make comparisons between 
population data and random fluctua- 
tions (cf. equations (6), (8), and (11) ). 
However, if peaks are going to be chosen 
subjectively, sometimes on one _ basis 
and sometimes on another, such com- 
parisons are meaningless. Fxamining 
Elton and Nicholson’s (1942) data and 
employing the terminology of the pres- 
ent paper, we find that the ‘Northern 
Department” peak in 1874 which was 
ignored, is higher than the one in 1862 
which was counted by the authors, and 
that the ‘Mackenzie River’ peak of 
1915 which was ignored is more “promi- 






































can be adopted for selecting population nent’? and ‘conspicuous’, although 
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Fic. 3. Fluctuations in muskrat populations, from Elton and Nicholson (1942), illustrating the 


variability in size and shape of population peaks. 








lower, than a peak in 1878 (ealled 
“1878-9"’) which was counted. 

Elton and Nicholson’s data which are 
shown graphically in Figure 3 provide 
a good illustration of the difficulties 
which are encountered in attempts to 
delimit individual ‘‘cycles’”’. The writer 
does not wish to minimize these diffi- 
culties but merely to emphasize his be- 
lief that, in analyzing population cycles, 
first consideration should be given to 
the possibility that the fluctuations occur 
at random. No matter what arithmetic 
treatments are applied to the population 
data, the resulting series should be com- 
pared with the results to be expected in 
a random series which has been subjected 
to the same treatment. 


CONCLUSION AND SUMMARY 


It now appears to the writer that, 
until definite evidence to the contrary 
is forthcoming, the preferred interpreta- 
tion of population cycles should be that 
they are essentially random fluctuations 
with serial correlation between the pop- 
ulations of successive years. We should 
focus our attention back upon popula- 
tion dynamics; upon growth and decline 
phenomena and carrying capacity of 
local environments rather than appeal- 
ing to mystical cosmic forces as the 
initiators of population change. 

Meteorological phenomena doubtless 
underlie many of the population fluctua- 
tions and it is conceivable that the in- 
fluence of such factors may sometimes 
by sufficiently widespread to keep the 
cycles fairly well over 
large areas. However, the diversity of 
haphazard influences to which popula- 
tions are subject leads us to suspect that 
the resultant fluctuations would occur 
essentially at random and produce a 


synchronized 
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short basie cycle superimposed on a 
longer cycle three times the length of 
the basic cycle. 

With completely random fluctuations 
and completely adequate data the basic 
eycle should be three years in length 
and about as regular as the short popu- 
lation cycles actually appear to be. 
Recognizing a slight departure from 
complete randomness in the fact that 
populations of successive years cannot 
be entirely independent we conclude 
that the basic cycle may fall in the range 
of three to four years in length. 

Inadequacies in the empirical data 
and variations in their interpretation 
‘an greatly modify the appearance of 
the random cycles. If the number of 
consecutive observations of a population 
is small or if the census method is in- 
sensitive the result will be an apparent 
lengthening of the cycles. If one wishes 
to smooth the population data or to 
ignore some of the population peaks it 
should be possible either to create “‘un- 
welcome” cycles or to lengthen the re- 
corded cycles to nearly any extent. 

If one wishes to postulate mysterious 
causes for population cycles, there is no 
way to disprove their existence; the 
most that the writer can say of such 
hypotheses is that at the present time 
he considers them unnecessary. 
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APPENDIX I 
The frequency distribution of cycle lengths for 
w =0 and w =1 

The distance between two successive turning points is 
a phase; hence a cycle consists of two successive phases. 
Let px stand for the probability of a phase of exactly 
length x and let Px be the probability of a cycle of 
length x. We first determine the frequency distribution 
of phases and then combine the probabilities (e.g. a cycle 
of length two must consist of two successive phases each 
of length one; hence Pz: = py). The frequencies of cycles 
of up to eight years in length are obtained as follows: 

P: = ps 

2:= Py 

P3 = 2pip2 

Ps = pe + 2pips 

Ps = 2(pips + pops) 

2 

Ps = pg + 2(pips + p2ps) 

Pz = 2(pips + p2ps + Paps) 

Ps = py + 2(pipz + pope + psps). 

To obtain the distribution of phase lengths we find the 
expected number of phases of length x, (Ex) and divide 
by the total possible number of phases in our series. 
This procedure was illustrated in the writer’s previous 
paper on this subject (Cole, loc. cit.). The following table 
gives the values of px up to x =7 for the convenience 
of investigators wishing to compute the expected dis- 
tribution of cycle lengths in a series of length N. 


Probabilities of various phase lengths for w = 0Oandw = 1 
































w =0 w=] 
pi 5({ N-4 1/N-4 
= (3=*) 3 (=) 
pz il (= =) a 
20 \2N —9 9 
p3 19 N—-6 5{N-6 
om (ss) aa (=) 
pa 29 ( N-7 1/N-7 
m0 (==) i(%) 
Ds 41 { N-S8 11 {/N-8 
a(S) = (=) 
De 11f N-9) 1/N-9 
p7 71 N—-10 19 f/N-10 
604800 (==) 21600 CQ ) 
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APPENDIX II 
Derivation of formula (18) 
Mark Kac 
Department of Mathematics 
Cornell University 
In this appendix we show how to calculate the proba- 
bility of the event (see formula (15) ) 


_ (w—-1)Z2+Zs 


A < 
Ww 
Zs < (1l—w)Z3+wZe , 


assuming OS wSl. 


Let fO, x SO, 
f(x) dx, 0SxS1, 
(1, x>1, 


and note that 


(w —1)x+y : 
i — Ti f(wx + (1—w)y) , 
Ww 1S 


the condi- 
tional probability that our inequalities are satisfied, 
given that Ze x and Z; = y. 


Thus the desired probability p is given by the formula 


a4 
(w —-1)x+y 
p= f - - J f(wx + (1 —w)y)dx dy. 
Ww 
° ° 


0>wx + (l—w)y>1, 


written in the equivalent form 


/ / 
es (w—1)x 
>= f = 
' Ww 
° ° 


In the square OSx, yS 


Since the formula 


may be 


Ty 





) (wx + (1—w)y)dx dy. 


1 draw the lines 
y = (l—w)x 


and y l—w)x+w. 
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These lines divide the square into three regions, two of 
which are triangles and the third a parallelogram. In 
the lowest region the integrand is 0, in the middle region 
(parallelogram) the integrand is 
(w—1)x+y 
as (ese + (lk wy) 
w 


and in the upper region (triangle) the integrand is 


wx + (1 —w)y. 
Thus 


, (—-w)x+w 


p = 1 fas f owns ty) (wx + (l—w)y) dy + 
Wo 


(1 —w)x 
’ ‘ 
e 
Jo (wx + (1—w)y)dy 
° (l—-w)x+w 


and an entirely elementary computation gives for the 
first of these integrals 


w2(1 —w) 


3 4 


w(l—w+w?) , 


and for the second 


w(1—w) 1 l—w _ 1—w? . 


6 2 6 

Adding and simplifying we obtain 
w3—w?—w+4 
p = 


12 


which is precisely formula (18). 
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CYCLIC MORTALITY 


David Lack 


Edward Grey Institute of Field Ornithology, Oxford, England 


INTRODUCTION 


The papers by Palmgren (1949) and 
Cole (1951, 1954) provide a valuable 
jolt to our too facile acceptance of 
population cycles as a proven fact, and 
show that random fluctuations may 
produce not dissimilar effects. I hope 
that they will now analyse rigorously a 
set of cyclic fluctuations, such as those 
of the lynx (Lynx canadensis), to see 
whether or not they differ significantly 
from those shown by their random model. 
Moreover, since population changes in 
the few cyclic northern mammals and 
birds stand out by their apparent regu- 
larity from those of almost all other wild 
animals so far studied, I hope that they 
will also analyse the population changes 
in some non-cyclie species, to show pre- 
cisely where the difference lies. For a 
difference there certainly appears to be. 

I have one further comment. Even if 
cyclic fluctuations were shown to be 
random, the biological problem remains 
of mortality factors responsible for peri- 
odie declines. These are the theme of the 
present paper. I have no _ first-hand 
knowledge of the cyclic problem, but 


-was forced to face up to it in writing a 


book ‘The Natural Regulation of Ani- 
mal Numbers’, from which the present 
condensed account is derived by permis- 
sion of the Clarendon Press, Oxford. 
The most astonishing point, to a new- 
comer, is that despite the enormous 
number of papers written on cycles, no 
one, so far as I am aware, has yet studied 
any cyclic species in the field for even 


the term of one full cycle. Biology has 
not normally advanced far by arm-chair 
methods. 

Regularity of cycles, assuming for the 
moment that it exists, refers primarily 
to the interval between successive peaks. 
The peaks themselves tend to be of dif- 
ferent heights, while the fall and rise in 
numbers between each peak is not sym- 
metrical in the way that the term cycle 
would suggest to a physicist. Some biol- 
‘ogists have used the term cycle for steep 
fluctuations in numbers even when ir- 
regular, but it is here restricted to those 
vases with a nearly equal interval be-, 
tween successive peaks. It follows that a 
population should not be considered 
cyclic until at least several successive 
peaks have been recorded, a precaution 
which has far from always been observed. 


Species AFFECTED BY CYCLES 

Using the above definition, two or 
three main cycles have been found. First 
there is a 4-year cycle in lemmings 
(Lemmus and Dicrostonyx spp.) and 
other animals on arctie tundra. Sec- 
ondly, and doubtfully linked with it, 
there is a 4-year cycle in voles (Microtus 
spp.) and other animals in open forest 
(mainly birch) with grassland, found 
particularly in the belt between tundra 
and the main conifer forests of the arctic. 
Thirdly, there is a 10-year cycle in the 
varying hare (Lepus americanus) and 
other animals in the northern forest re- 
gion, mainly coniferous, of Canada and 
the northern United States. Three groups 


OF 
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of animals are affected, first the domi- 
nant rodent specified above, secondly its 
mammalian and avian predators, and 
thirdly native gallinaceous birds of the 
same region. 

Actually, while the terms ‘4-year 
cycle” and “10-year cycle” are used for 
convenience, the average interval be- 
tween peaks is in each case a little less. 
Indeed, Siivonen (1948) claimed that 
the 4-year cycle really averages 3.3 years, 
that every third peak is higher, and that 
the 4-year and 10-year cycles are really 
one, but his figures do not, in my view, 
bear out this claim and are not even 
sufficient to show whether a 10-year 
cycle exists in the Palaearctic. In at least 
one Scandinavian species, the willow 
grouse (Lagopus lagopus), the bigger 
maxima in the 4-year cycle have come 
at irregular, not regular intervals (Hagen 
1952). The possible connection between 
i-vyear cycles and 10-year cycles should, 
however, be studied further, particu- 
larly in Canada, where there might be a 
zone of overlap. In Quebec, peaks in the 
10-year cycle (for foxes) came in 1918, 
1927, 1936-37 and 1946. The first and 
the last of these coincided with peaks 
for foxes) in the 4-year cycle, but around 
the time of the third peak, peaks in the 
t-vyear cycle came in 1935 and 1938, not 
1936-37 (Butler 1951). This suggests 
that the two cycles may be independent. 

Siivonen (1948) also claimed that vari- 
ous other northern animals take part in 
the alleged 10-year cycle in Europe, but 
his evidence is strained, and some of the 
species which he cited, such as the pine 
grosbeak (Pinicola enucleator), certainly 
fluctuate irregularly, not regularly (Lack 
1951). Likewise Rowan (1948, 1950) 
claimed that the 10-year cycle in Canada 
also affects the magpie (Pica pica), the 


introduced pheasant (Phastanus colchi- 
cus) and partridge (Perdix perdix), and 
almost certainly the evening grosbeak 
(Hesperiphona vespertina) and bluejay 
(Cyanocitta cristata). But there is no 
valid evidence for this, and the closely 
related species in northern Europe fluc- 
tuate irregularly (Lack 1951). Further, 
Buss (1950) has denied that the pheas- 
ant takes part in the 10-year cycle. 
While, therefore, the 4-year and 10-year 
cycles possibly affect various other spe- 
cies, they are certainly known to involve 
only three groups, rodents, their preda- 
tors and native gallinaceous birds. 
PrepAToRY Brrps. Of these three 
groups, the predators provide the sim- 
plest problem, as it is generally agreed 
that their fluctuations follow closely on 
those of their prey, and that their peri- 
odie declines are due to food shortage. 
Thus the snowy owl ( Nyctea scandiaca) 
preys chiefly on lemmings, though tak- 
ing hares, voles and ptarmigan at times. 
It has invaded the eastern United States 
from the Canadian arctic once every 3 
to 5 years (Gross 1947), coming in the 
years when collared lemmings (Dicro- 
stonyx groenlandicus) were scarce after 
being abundant (Shelford 1945). These 
years usually corresponded with the 
peak numbers (trapped) of the arctic fox 
(Alopex lagopus), another lemming- 
predator (cf. the figures in Elton 1942, 
Butler 1951). The 4-year cycle in lem- 
mings is not synchronous throughout the 
Canadian arctic, and snowy owls appear 
and breed in large numbers where lem- 
mings are abundant, and become scarce 
or absent where lemmings are very 
searce (Chitty 1943-45, 1950a). Clearly, 
their nomadic habit is in general of 
value, and while on big invasions of the 
United States many die, these invasions 
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occur when lemmings are scarce over 
wide areas, so that snowy owls would 
probably die if they remained. 

The great grey or northern shrike 
(Lanius excubitor) also invades eastern 
North America about every fourth year 
(Davis 1937, 1949a). In 1900 it came one 
year before the snowy owl, in 1913 a 
year later, but in the seven other in- 
vasions between 1900 and 1934, the two 
species came in the same years. After 
this, the snowy owl came in 1937 and 
1941 and the shrike in 1939—40, but both 
again came together in 1945. The great 
grey shrike breeds in the subarctic open 
forest near the tree limit, where it preys 
primarily on voles, and its invasions 
probably follow the vole peaks (given in 
Elton 1942). It has been suggested that 
the peak years for lemmings and voles 
coincide (Elton 1942, Kalela 1949), but 
further information is needed to settle 
this point, since extremely long series are 
required to show whether two cycles of 
similar periodicity are correlated. The 
fact that great grey shrikes and snowy 
owls invaded the U.S.A. in different 
years around 1900, 1913 and 1939 may 
therefore be more important than their 
concurrence in other years. That voles 
and lemmings do not always keep in step 
is suggested by the fact that at Churchill, 
Manitoba, the vole (Microtus drum- 
mondi) reached a population peak in 
1932, but the collared lemming in 1938, 
though the next peak of both species 
came in 1936 (Shelford 1943). It there- 
fore seems possible that the 4-year cycles 
of the tundra and the subarctic open 
forest are distinct from each other. 

A predatory bird which invades both 
North America (Spiers 1939) and south- 
ern Norway (Johnsen 1929) about every 
four years is the rough-legged hawk 


(Buteo lagopus). This species breeds 
chiefly in the open forest bordering the 
tundra and also on the tundra, and it 
feeds its young on both voles and lem- 
mings, but perhaps more on voles. Like 
the snowy owl, it arrives and breeds in 
large numbers when rodents are tempo- 
rarily abundant, as in Finnish Lapland 
in a plague of the vole (Microtus oecono- 
mus) (Finnilé 1916), and at Churchill, 
Manitoba, during a population peak of 
collared lemmings (Shelford 1943), while 
similar instances in Scandinavia have 
been reviewed by Schiiz (1945). 

Lemmings and voles, when abundant, 
are eaten by various other predatory 
birds. Some of these, such as the gos- 
hawk (Accipiter gentilis) in Scandinavia, 
have 4-year fluctuations in numbers. 
Others are less dependent on these ro- 
dents for food and fluctuate less regu- 
larly (Johnsen 1929, Lack 1946). 

Voles are also abundant in countries 
well south of the arctic, where they 
periodically increase greatly in numbers 
(Elton 1942), and are preyed on by vari- 
ous hawks and owls (Lack 1946), but a 
widespread 4-year cycle has not as yet 
been demonstrated in either the voles 
or their predators in Britain or central 
Kurope. 

The American form of the goshawk, 
and also the horned owl (Bubo virgini- 
anus), invade southern Canada and the 
northern United States from regions 
further north about every 10, not 4, 
years (Spiers 1939). In Canada, the 
horned owl preys primarily on the vary- 
ing hare (Bird 1939) and the goshawk 
on the varying hare and ruffed grouse 
(Hewitt 1921), ie. on species affected 
by the 10-year cycle, and their invasions 
are presumably due to food shortage. 
Further, in Norway, both goshawk and 
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eagle owl (Bubo bubo) prey primarily on 
lemmings, and here their invasions have 
come every 4, not 10, years (Johnsen 
1929). 

PREDATORY MAMMALS. In the mam- 
malian predators, there is a 4-year cycle 
on the tundra in the arctic fox, which 
preys on lemmings, a 4-year cycle in the 
subaretic open forest in the red fox 
(Vulpes fulva) and marten (Martes 
americana), which there prey primarily 
on voles, and a 10-year cycle in the 
northern forest region in the lynx and 
other mammals, which prey primarily 
on the varying hare (Elton 1942, Elton 
and Nicholson 1942a). The peak num- 
bers (trapped) of the mammal predators 
follow with great regularity shortly after 
those of their rodent prey, and they 
clearly depend on the latter. 

Further, both marten and red fox have 
a 4-year cycle in northern Labrador and 
Hudson Strait, where they prey chiefly 
on voles, and a 10-year cycle in the forest 
belt further south, where they prey 
mainly on the varying hare (Elton 1942, 
Butler 1951). Also, on Vancouver Island, 
the marten eats chiefly mice and squir- 
rels and has fluctuated independently of 
the well-marked 10-year cycle on the 
adjacent mainland (Cowan 1938). Again, 
the arctic fox has a 4-year cycle in those 
parts of Greenland where lemmings are 
present, but fluctuates irregularly where 
lemmings are absent and it eats mainly 
ptarmigan and aretic hare (Braestrup 
1941). 

During the rodent declines, the carni- 
vores are often found weak or starving 
and food shortage is clearly the main 
cause of their death. Disease has been 
reported at times, particularly among 
foxes (Elton 1942, Chitty 1950a), but 
probably it is secondary. 


In the lynx, the peak of the cycle may 
differ by from two to four years in dif- 
ferent parts of Canada, but different 
areas tend to get back into step later 
(Elton and Nicholson 1942). This ten- 
dency is assisted, if not caused, by emi- 
gration. Thus the lynx sometimes emi- 
grates in great numbers, as in 1916-17 
following the hare peak of 1914-15 
(Hewitt 1921). The marten also emi- 
grates at times. Movements also occur 
in the coloured fox (Butler 1951) and in 
the aretic fox, which may even cross 
from Canada to Greenland over the ice 
(Braestrup 1941). 

RODENTS. 
planation have been put forward to 
explain the rodent cycles, one involving 
an extrinsic cause, usually climatic, and 
the other an intrinsic cause, usually a 
predator-prey interaction. Advocates of 
the first type of cause have often laid 
main emphasis on an increase in the 
reproductive rate leading to population 
peaks, and advocates of the second type 
on a heavy mortality in the periodic 


Two main types of ex- 


declines. 

At one time, the rodent cycles were 
attributed to climatic cycles of similar 
periodicity, but the alleged correlation 
with the sunspot cycle was disproved by 
MacLulich (1937), and there is no seri- 
ous evidence for the new suggestion by 
Rowan (1950) of a correlation with an 
ozone cycle in the atmosphere (criticized 
by Buss 1950). No other climatie factor 
with the necessary periodicity has been 
found, and, even if it were found, there 
are great technical difficulties in estab- 
lishing a correlation between time-series 
of similar periodicity (Moran 1949). A 
further difficulty is that rodent cycles 
are far from simultaneous in different 
parts of the range, which appears to rule 
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out any widely acting climatic factor. 
Thus in the lemming, peaks may be up 
to two years out of step and in the 
varving hare up to 5 years out of step, 
which are the greatest possible discrep- 
ancies in a 4-year and a 10-year cycle 
respectively (ef. Chitty 1950b). 

(‘velic fluctuations are characteristic 
of a predator-prey interaction, and two 
other points accord with this type of ex- 
planation. First, each decline in the 10- 
vear cycle usually continues for several 
successive years, not merely for one. 
This is characteristic for a predator-prey 
interaction. Secondly, the cycles are 
longer in the varying hare than in the 
lemming or vole, i.e. they are longer 
where the reproductive rate is slower, 
as would be expected on theoretical 
grounds in a predator-prey oscillation. 
The organisms capable of interacting in 
this way with the rodents are (i) their 
predators, (ii) their internal parasites, 
and (ii) their plant food. Of. these, 
predators can be ruled out, as all ob- 
servers are agreed that predators are 
proportionately much too searece when 
rodents are at their peak to bring about 
the ensuing steep decline. Further, just 
after the peak, varying hares may be 
found dying in large numbers and Nor- 
wegian lemmings may emigrate in 
swarms, showing that their numbers are 
at that time greatly in excess of those 
killed by predators. 

Formerly, many workers favoured the 
idea of epidemie disease, but while dis- 
eases have been found in lemmings, voles 
and varying hare, they have not been 
found in every decline, and MacLulich 
(1937), who considered disease to be the 
major factor, had to postulate a different 
disease in different declines, which, if 
true, suggests that disease is secondary. 


Later, Green et al. (1939) found that the 
decline of the varying hare was due not 
to an epidemic but to ‘‘shock disease’’, 
the cause of which was not established, 
though a nutritive deficiency was sug- 
gested. The idea of some metabolic 
derangement has found favour with vari- 
ous later workers, such as Christian 
(1950). 

If this view is correct, and it fits the 
available evidence, the basic predispos- 
ing cause is presumably density-depend- 
ent, and the likely alternatives are 
crowding as such or food shortage. If it 
were primarily strain induced by crowd- 
ing, one would expect the decline to 
cease when the numbers had fallen, but 
in fact each decline may continue for 
several consecutive years, thus involving 
not merely the offspring but the grand- 
children or yet later descendants of those 
alive when crowding occurred. Also, if 
strain from crowding were the cause, 
one would expect each decline to start 
with a similar degree of crowding. But, 
in fact, the successive peaks may differ 
greatly in height, as shown particularly 
well for the lynx (Elton and Nicholson 
1942). Presumably, this also holds for 
the rodents, though few figures are yet 
available. However, the number of vary- 
ing hares shot in Wisconsin was about 
3.5 times as great in the peak year of 
1931 as in that of 1941 (Scott 1947). 
Also, if crowding produced a huge mor- 
tality from strain at frequent intervals, 
one would expect the rodents to have 
evolved adaptations to counteract it. 

Chitty (1952) has suggested that the 
declines of the vole (Microtus agrestis) 
are primarily due to intraspecific strife 
at high population densities, and that 
the deleterious effects of such strife are 
passed to the offspring zn utero, which 
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in turn affects their fecundity later. This 
hypothesis does not explain why the 
periodic declines start at very different 
densities in successive cycles. Moreover, 
Chitty produced no direct evidence for 
serious strife occurring in the field, and 
the possibility that its harmful effects 
could be passed to the next generation 
(and to several successive generations in 
the varying hare) seems unlikely. Fur- 
ther, fighting has normally been evolved 
in animals when its results are of sur- 
vival value. Chitty did not suggest that 
the fighting had survival value to the 
voles and implied that it was merely a 
result of crowding, in which case one 
would have expected the rodents to have 
evolved adaptations to counteract it. 
Should fighting prove to be important 
in voles, I would suggest that it is ulti- 
mately related to competition for food. 

Most previous workers have dismissed 
the remaining possibility, food shortage, 
with at most a brief mention. This may 
be because they have been seeking a 
common cause for the declines of the 
cyclic rodents and the cyclic gallinaceous 
birds, and for the latter food shortage 
seems excluded. But if the problem of 
the gallinaceous birds may be deferred 
for the moment, there is some evidence 
which suggests that the rodents may 
reach their food limit at the start of their 
declines. 

First, the continuation of a decline for 
several generations after crowding has 
ceased is characteristic of a predator- 
prey interaction, so is readily explicable 
if the rodent is interacting with its plant 
food. It is also characteristic of the de- 
clines of deer populations which are 
known to have been caused by inter- 
action with the food supply (see particu- 
larly Leopold 1943 for the mule deer, 


(Odocoileus hemionus) and Murie 1930, 
Aldous and Krefting 1946 for the moose, 
(Alces americana) ). 

Secondly, in at least some of the lem- 
ming and vole plagues, the ground has 
been stripped bare of vegetation (Adair 
1893, Elton 1942), and heavy depletion 
has also been observed in peaks of the 
varying hare (Grange 1949, Cowan 
1950b). Further, hares have been ob- 
served searching in a way which indi- 
cated that they were extremely short of 
perhaps of a particular 
(Braestrup 1940). Even where the vege- 
tation has not been stripped bare, the 
rodents might well have consumed the 
foods essential to their existence, as 
happened in mule deer during a time of 
starvation (Leopold et al. 1951). Un- 
fortunately, the food requirements of 
the cyclic rodents have not been studied, 
an extraordinary omission. 

In both the varying hare (Green and 
Evans 1940) and the vole (Wicrotus 
agrestis) (Chitty 1952), the periodic de- 
clines are accompanied, or shortly pre- 
ceded, by unusually heavy mortality 
among the juveniles. While this might 
be interpreted in various ways, it seems 
highly suggestive that this is likewise 
the first sign of starvation from over- 
population in deer (Leopold 1943, 
Doman and Rasmussen 1944, Leopold 
et al. 1947, Taylor and Hahn 1947, 
Rausch 1950, Banfield 1949, Cowan 
1950a). 

Further, at the peak of the cycle, 
Norwegian lemmings (Lemmus lemmus) 


food, food 


may emigrate in swarms. These spec- 
tacular movements were formerly con- 
sidered ‘‘senseless’’, a form of race sui- 
cide, but it is unlikely that so frequent 
an occurrence would be without survival 
value. Indeed, one may argue further 
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that, unless the emigratory habit were 
in general advantageous, it would have 
been eliminated from the species by 
natural selection. In birds, the survival 
value of emigration is the avoidance of 
areas where food is short, though food 
shortage does not always provide the 
proximate stimulus for departure (Lack 
1951). The habit is of particular value 
in a local food shortage, resulting in 
small-scale movements. The big emigra- 
tions sometimes lead to widespread 
death, but if they are caused by wide- 
spread food shortage in the area of 
origin, most of the animals would die if 
they did not emigrate, and emigration 
gives them a chance of finding suitable 
ground elsewhere. There is no reason to 
think that these general remarks do not 
apply also to the lemming, and Kalela 
(1949) has provided good evidence that 
they do so. In particular, he has shown 
that lemmings have sometimes estab- 
lished themselves in new areas as a re- 
sult of emigration. Hence the lemming 
movements are far from “senseless’’ if 
caused by food shortage at the place of 
origin. 

Braestrup (1940), who advocated food 
shortage as the cause of the hare de- 
clines, thought that the vegetation be- 
came periodically poorer through a 
cyclic climatic factor, but this view can- 
not be sustained. The alternative is to 
suppose that the rodents and their food 
interact to produce a_ predator-prey 
oscillation. That a herbivore and its 
plant food can so interact has been 
shown for moose on Isle Royale (Murie 
1930, Aldous and Krefting 1946, Kreft- 
ing 1951), and the same probably holds 
for the mule deer in western North 
America (Leopold 1943). That these 
deer fluctuate more slowly than the 


rodents would accord with their slower 
reproductive rate, but they have not 
been studied for long enough to know 
whether their fluctuations are cyclic or 
irregular. 

The characteristic of the rodent cycles 
that has attracted most attention is, of 
course, their regularity. But regularity 
is just what the mathematical formula- 
tions of a predator-prey interaction pre- 
dict. Most animal populations fluctuate 
irregularly, presumably because they are 
influenced by many factors, including a 
diversity of predators, foods and para- 
sites, and many irregular density-inde- 
pendent effects. The regularity of the 
rodent cycles implies that their cause is 
simple, and since a regular climatic 
variation seems ruled out, a simple 
predator-prey interaction is the most 
likely explanation. That such regularity 
is confined to a few northern rodents 
(and dependent species) suggests that in 
these animals the ecological conditions, 
including the food-chains, are unusually 
simple and that climatic factors (which 
are normally irregular in their incidence) 
are much less disturbing in the far north 
than elsewhere. But not enough is known 
to pursue this last idea further at present. 

GALLINACEOUS Brrps. The eyeles in 
gallinaceous species have been studied 
particularly in the ruffed grouse (Bonasa 
umbellus), which reaches a peak in num- 
bers about every 9 to 11 years, with oc- 
sasional intervals of 8 to 13 years. As 
in other cyclic species, the peaks do not 
occur simultaneously throughout the 
range of the species, and different regions 
may be up to five years out of step (the 
greatest possible discrepancy) (Clarke 
1936, Bump et al. 1947). Also the suc- 
cessive peaks may be of different heights 
(Scott 1947, Magnus 1951). A 10-vear 
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cycle has also been found in the sharp- 
tailed grouse (Pedioecetes phasianellus) 
and prairie chicken (Tympanuchus cu- 
pido) (Criddle 1930, 1946, 
1947, Grange 1948) and a 4-year cycle 
lagopus) 


Schorger 
in willow grouse (Lagopus 
(Johnsen 1929). 

The available evidence suggests that 
the ruffed grouse is affected by the same 
10-year cycle as the varying hare, and 
this probably applies to other galli- 
naceous species, but as they have usually 
been studied in different areas, the de- 
gree to which they fluctuate together is 
not certain. The point most strongly 
suggesting that the cycles are mutually 
dependent is that, during the nineteen- 
thirties and ‘forties, two successive peaks 
in the cycle of the ruffed grouse came 
two to three years earlier in Nova Scotia 
than in the Great Lakes region (Clarke 
1936, Bump et al. 1947), and that in the 
same period the cycle of the varying 
hare was likewise two to three years 
ahead in Nova Scotia as compared with 
the Great Lakes (Chitty 1950b). Fur- 
ther evidence that gallinaceous species, 
also including the spruce grouse (Cana- 
chites canadensis), are extremely scarce 
in the years when varying hares are 
scarce can be found in the hunters’ re- 
ports abstracted by Elton (1942) (see 
also Taverner 1919, Green 1935, Baum- 
gartner 1939). 

Finally there is one species, the willow 
grouse or willow ptarmigan, which has 
a 4-year cycle in Norway like the lem- 
ming (Elton 1942), but apparently a 10- 
year cycle on the north shore of the Gulf 
of St. Lawrence (Comeau 1909), where 
it is presumably in the zone of the vary- 
ing hare. the British red 
grouse scoticus), which is 
merely a pronounced geographical form 


Moreover 
(Lagopus 


of the willow grouse, fluctuates with a 
peak about every six or seven years; 
this species is away from both lemming 
and varying hare (Lack 1951). These 
differences recall similar variations in the 
length of the cycle in goshawk, horned 
owl, red fox and marten, and strongly 
suggest that the cycle in willow grouse 
is primarily determined by that of the 
lemming or varying hare where one of 
these species occurs in the same region 
with it. 

If, as the evidence indicates, the cyclic 
gallinaceous birds vary in parallel with 
the eyelic rodents of the same region, 
then either the birds and the rodents are 
affected by a common external factor, 
or the numbers of one depend on the 
numbers of the other. The most likely 
common factor would be a_ climatic 
effect, but as discussed earlier, there is 
good reason to rule out climatie factors 
as the primary cause of cycles. 

No widespread epidemic disease is 
known to affect both ruffed grouse and 
varying hare, and in any case the de- 
cline of the varying hare is not now at- 
tributed to parasitic disease. At one 
time, it was suggested that the sporozoan 
parasite, Leucocylozoon bonasae, might 
cause the ruffed grouse declines (Clarke 
1936), but later research has not associ- 
ated any particular parasite with the 
declines, some of which seem to have 
occurred in the absence of any disease 
(Bump et al. 1947). The suggestion that 
ptarmigan declines are due to coccidiosis 
(Brinkmann 1926) also seems unlikely. 
Finally, Rowan (1948) has stated that, 
though ruffed grouse and varying hare 
decline together, there is a marked dif- 
ference, since in the declines many hares 
but no ruffed grouse are found lying 
around dead. This makes it unlikely that 
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the ruffed grouse are dying of disease. 

The last observation also appears to 
rule out food shortage for the ruffed 
grouse. Further, a starving ruffed grouse 
may lose over 20 per cent of its body- 
weight within a few days, but such 
under-weight birds are not normally re- 
ported in the declines (Bump et al. 1947). 
Moreover, the main foods of the ruffed 
grouse, the buds and twigs of various 
trees, are not eaten by the varying hare. 
Again, if food shortage were the cause 
of the big cyclic declines, one would have 
expected periodic large-scale emigra- 
tions. These are certainly not usual, and 
the occasional so-called “crazy flights” 
of this species do not seem comparable. 
Large emigrations have been reported 
occasionally in sharp-tailed grouse (Sny- 
der 1935, Rowan 1948), but not in by 
any means every decline. Invasions are 
evidently more frequent in ptarmigan 
and willow grouse in Russia (Grote 1939) 
and in ptarmigan in Greenland (Brae- 
strup 1941, Salomonsen 1950), but in 
Greenland they have been recorded 
chiefly outside the zone of the lemming. 
That invasions occur at all suggests that 
gallinaceous birds sometimes reach their 
food limit, but that they do not occur in 
most cyclic declines indicates that the 
declines are not normally due to food 
shortage. 

With climate, disease and food short- 
age apparently ruled out, there remains 
only predation as a likely cause of de- 
crease. Now the ruffed grouse is a favour- 
ite alternative prey of several of the chief 
predators of the varying hare, notably 
the red fox, horned owl and goshawk, 
while willow ptarmigan are favourite 
alternative prey of two of the chief lem- 
ming-predators, the arctic fox and snowy 
owl. Predators, as already mentioned, 


are too sparse to constitute the main 
mortality factor in the cyclic rodents, 
but this objection does not apply to the 
gallinaceous birds, which are far less 
numerous. Thus at their peak, varying 
hares may number 10 to the acre (Mac- 
Lulich 1937) and much higher estimates 
have been made by some observers (e.g. 
Seton 1912), but the ruffed grouse 
reaches only about one bird to every 4 
acres (Bump et al. 1947). Likewise voles 
reach a density of 250 per acre (Elton 
1942) but red grouse only one per acre 
(Lovat et al. 1911). Hence the peak 
density in gallinaceous birds is far lower 
than in the cyclic rodents. Unfortu- 
nately, in the main regions where cycles 
occur, no figures are available for the 
numbers of the gallinaceous birds in re- 
lation to those of their predators. But 
in New York State, there were 28 ruffed 
grouse to the square mile, only about 
three times as many as of their chief 
predators, fox (4 per square mile) and 
horned owl (5 per square mile) com- 
bined. In New York State, also, there 
was good evidence for thinking that 
predators were the main cause of mor- 
tality in ruffed grouse (Bump et al. 1947). 
Now predators of cyclic rodents increase 
greatly in numbers as the rodents in- 
crease. When the rodents decrease, the 
predators become short of food, and it 
is only to be expected that they will then 
turn to their favourite alternative prey, 
grouse or ptarmigan. In view of the 
comparatively small numbers of the 
grouse and ptarmigan, a high proportion 
of them might then be destroyed. This 
idea was put forward by Cabot (1912) 
and recently by Grange (1949), though 
most other authorities (such as Leopold 
1933) have not considered predators im- 
portant, perhaps because they were seek- 





ing for a common cause for the declines 
of both rodents and gallinaceous birds. 

If this suggestion is correct, the de- 
cline of the gallinaceous birds should 
normally occur somewhat after that of 
the rodents in the same region. Unfortu- 
nately, the chief cyclic species have 
usually been studied in different regions 
and I cannot find in the published litera- 
ture enough precise figures to determine 
the usual sequence. But Professor J. J. 
Hickey has kindly sent (2n litt.) the 
figures for the estimated total kills of 
the varying hare, ruffed grouse and 
prairie chicken with sharp-tailed grouse 
in Wisconsin and Michigan. These 
figures covered three peaks and declines 
(with some gaps) in both states. In 
seven out of eight possible cases, the 
eighth being doubtful, the game-birds 
declined in numbers at least one year 
after the varying hare, but further rec- 
ords are needed to prove whether this is 
normal. In Ontario, Clarke (1936) re- 
ported that varying hares declined be- 
fore ruffed grouse in one locality but 
after them in another (Biggar Lake), 
but such local irregularities are not, 
perhaps, significant. * 

The cycle in ruffed grouse is not every- 
where synchronous, though different 
regions tend to get back into step after 
divergence. Ruffed grouse do not usually 
emigrate, but their predators, the horned 
owl and goshawk do so, and it is perhaps 
their invasions which help to bring the 
ruffed grouse cycle in different regions 


*It would seem from Schorger (1946, 1947) 
that in Wisconsin, during the second half of the 
nineteenth century, the cycle in prairie chicken 
and sharp-tailed grouse was of a similar length 
to, but out of phase with, the cycle of ruffed 
grouse, but this is not borne out by the figures 
for the twentieth century in Scott (1947). 
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back into step. In the southern “‘islands’”’ 
of their range the ruffed grouse and 
prairie chicken apparently do not show 
the 10-year cycle (Leopold 1933). This 
point should be studied further, to de- 
termine whether other cyclic phenomena 
are also absent, and whether some dif- 
ferent factor there limits numbers. 

One further characteristic of the game- 
bird eycle is the comparative scarcity of 
juvenile birds in the declines, which was 
recorded in 1907, 1916, 1924 and 1935 
and may therefore be considered general 
(Clarke 1936, Cartwright 1944, Bump 
et al. 1947, Rowan 1948). This fact has 
led various workers to postulate that the 
declines are caused by a failure of breed- 
ing, which some workers have correlated 
with wet springs. But as already men- 
tioned, no climatic factor, such as wet 
weather in spring, occurs with the regu- 
larity of these cycles. As already men- 
tioned, a high juvenile mortality is char- 
acteristic of deer in times of food short- 
age, but the other available evidence is 
against the view that gallinaceous birds 
are short of food during the declines. 
Actually, a searcity of juvenile ruffed 
grouse does not necessarily conflict with 
the view that predation is the major 
cause of the declines, since predation 
might at first fall much more heavily on 
the juvenile than the adult birds; but 
this idea has not been tested in the field. 

There is not space to consider here one 
further possible game-bird cycle, that 
in the red grouse (Lagopus scoticus). 
Successive peaks come at an interval of 
between 3 and 10 years, with an average 
of 6 or 7 years, and the fluctuations seem 
decidedly less regular than those of the 
species affected by the 4-year and 10- 
year cycles (Mackenzie, 1952). It was 
at first thought there might be an oscil- 
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latory tendency, but this has since been 
corrected (Moran, 1952, 1954). The red 
grouse lives away from any abundant 
rodent which supports a large popula- 
tion of predators. The evidence sum- 
marized by Lovat ef al. (1911) suggests 
that its numbers may be periodically re- 
duced by disease and food shortage act- 
ing in combination. To justify this con- 
clusion would need more space than I 
have here, where my sole purpose is to 
suggest that the cycle in red grouse is 
not comparable with that of the galli- 
naceous species affected by the 4-year 
and 10-year cycles. 


SUMMARY 


1. There is no valid evidence that the 
4-year and 10-year cycles are due to an 
extrinsic (climatic) factor, and the facet 
that different areas are often out of 
phase points against this type of ex- 
planation. 

2. It is suggested that the basic cause 
of the cycles is the dominant rodent 
interacting with its vegetable food to 
produce a_ predator-prey oscillation. 
When the rodents decline in numbers, 
their bird and mammal predators be- 
come short of food, prey upon and cause 
the decrease of the gallinaceous birds of 
the same region and themselves die of 
starvation and/or emigrate. 

3. The unusual regularity of the ro- 
dent fluctuations might be because a 
basic predator-prey oscillation is much 
less disturbed by other factors than in 
most other animals, while the tendency 
for different regions to keep more or less 
in step may be due to emigration. 
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SOME ESSENTIAL FEATURES OF SHORT-TERM 
POPULATION FLUCTUATION 


Lauri Siivonen 


Game Research Institute, Helsinki, Finland 


The writer of the present article may 
be said to have sueceeded in provoking 
this very lively, all-round and long- 
needed discussion of population cycles. 
It would be as well, therefore, briefly to 
recall here the background of this dis- 
cussion, and the writer’s view of the 
essential features of short-term popula- 
tion fluctuation as evolved in his con- 
tinuation studies. 

The summary compiled by the writer 
from the fluctuation series at his dis- 
posal (Siivonen 1948 a) must be 
garded as the point of departure for the 
discussion. The principle adopted in the 
compilation of the summary was (op. 
cit., p. 13) that no peaks, not even the 
that 
be smoothed, 


re- 


smallest, must be ignored, and 


original data may not 


since to do either would have necessi- 


values to a greater or lesser extent. 
Attention was paid to the deficiencies of 
many of the series used and their un- 
specific nature; the conclusion 
reached that for instance the lemming 
series, considered classic, were a case in 
point (op. cit., p. 8). This view has been 
still further strengthened (Siivonen 1950 
p. 11 and 25, and 1952b pp. 36-38, 
Wildhagen 1952 and Table 1). It cannot 
be claimed with absolute certainty that 
these final even for 
instance Hagen (1953 p. 26) still con- 
tinues to furnish some peaks with a 


was 


), 
5) 


series are now 


question mark. 

The variety of opinion held as to the 
average length of the “lemming cycle”’ 
is also understandable against this back- 
ground. According to Elton (1942) it 
has been exactly 4 years. According to 
Kalela (1949) it has been 3.8 years in 


PEAKS OF THE LEMMING (SMALL RODENTS) IN SCANDINAVIA IN THE 1900—1920’s, 


ACCORDING TO THE THREE Most RECENT SPECIAL STUDIES 


tated the interpretation of original 
TABLE | 
Sweden 
Elton Kalela 
(1942) (1949) 


1902-04 
1906-07 





1902-03 
1906-07 


191] 1911 
LOL6 

1919 

1922-23 1922-23 
1926 

1930 1929-30 


1930-31 


Norway 





Hagen 


Elton Kalela 
(1942) (1949) (1953) 
1902-04 1902-04 1903 
1906-07 1906-07 1906 
1909 
1909-12 1909-12 1912 
1914 1914 1915 
1918-19 1918-20 1919? 
1920 
1922-23 1922-23 1923? 
1926-27 1926-27 1926 


1929-31 1930 
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Fennoseandia in the 20th century. 
Hagen’s summary (1953) shows it has 
been only 3.46 years in Norway in the 
same century. 

Some series, such as the fluctuation 
curves for foxes and for seed-eating 
herbivores must be regarded as special 
cases on their own (Siivonen 1948 b pp. 
8-9 and 12, pp. 18-19 and 1952 b pp. 37— 
38). 

These were the arguments that com- 
pelled the writer to concentrate in the 
summary referred to above, on the fluc- 
tuation in numbers of the herbivores 
whose principal nutriment remains un- 
changed in quantity from one year to 
another (Siivonen 1948 a p. 9). The de- 
ficiencies in the series available and their 
unspecific nature produced a comparison 
of a special nature and—as revealed by 
the continuation studies (ef. the follow- 
ing)—one leading in some respects to an 
incomplete and inaccurate partial solu- 
tion. 

The preliminary analyses indicated 
that the fluetuation was 3 to 4 and the 
same time also about 10 years in length, 
with every third peak on an average a 
so-called high peak (op. cit., pp. 18-19). 
Wholly theoretical periodic series were 
compiled on this basis: 5- (5 types, op. 
cit., p. 104), 3- to 4- (10 types, op. cit., 
p. 24), 2- to 3- (5 types, op. cit., p. 103) 
and 2-vear (2 types, op. cit., p. 103) 
cycles, which were also 10-year periodic, 
as well as 4-year cycles (4 types, op. cit., 
p. 29). A study was made of what per- 
centage of the original peaks of each 
series coincided with the peaks of dif- 
ferent theoretical periodic series. The 
comparisons were limited to the period 
1830-1939. 

It was found from the comparisons 
(op. cit., p. 157) that in the greater part 


of the series investigated short-term 
fluctuation in numbers matched more 
clearly the theoretical 3- to 4-year perio- 
dicity (which is also simultaneously a 
10-year periodicity) than the other 
periodicities mentioned above. 

Later continuation studies (Siivonen 
1950 and 1952 b) seem to corroborate 
the fact that the pattern (the basic 
fluctuation) of short-term fluctuation in 
numbers characteristic of the northern- 
most latitudes is the 3- to 4-year fluctua- 
tion to be defined in greater detail below. 

It may be mentioned that the analyses 
of fluctuation curves for foxes and tet- 
raonids in Finland performed by the 
writer last summer at the Foundation 
for the Study of Cycles, Penn., USA, 
according to the mathematical research 
methods used there, showed that in both 
cases the 3- to 4-year and approximately 
10-year periods appear as manifest cycles 
or are at least highly significant in the 
original data. 

Fluctuation is so pronounced in the 
northernmost latitudes that cycles dif- 
fering from the characteristic 3- (as a 
rule in the majority) and 4-year cycles 
generally occur but rarely (ef. for in- 
stance Siivonen 1950 p. 26 and 1952 b 
p. 9). Even when they do occur it has 
been possible to show that in some cases, 
at least, the reason is of a temporary 
nature. 

By way of example the cycle of 1937— 
42 may be mentioned (cf. Fig. 1 and 
Siivonen 1948 b; in several cases this 
cycle, too, has been 4-yearly, ef. Table 
3) and the break in the rising phase of 
the partridge population in Finland due 
to the severe winter of 1935/36 (Siivonen 
1952.a p. 82). It should be mentioned 
that of the total of 123 cycles included 
in Fig. 1, 3-year cycles account for 49 
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per cent and 4-year cycles for 20 per 
cent, whereas 2-year cycles account for 
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Fig. 1. Short-term fluctuation in numbers is 
most regular in the northernmost regions as 
far as concerns herbivores whose principal 
nutriment remains constant in quantity from 
one year to another. Moving further south the 
fluctuation grows more irregular. The peak 
years (black squares) of hazel grouse (1), 
blackgame (2) and capercaillie (3) in the vari- 
ous provinces of Finland (provinces from north 
to south), on the basis of the game inquiries of 
the General Hunters’ League of Finland during 
1929-34 and hunting license data during 1933- 
49. The number of deviations from the general 
dates of the peaks are given in brackets. (For 
size of data, cf. Table 2.) 


only 7, and 5-year cycles for 13 per cent, 
despite the 1937-42 cycle. 

Southwards the force of the fluctua- 
tion weakens and the fluctuation itself 
at the same time grows more irregular 
(Table 2 and Fig. 1, ef. also point 1 in 
the following). But even then it is pos- 
sible in many cases to establish certain 
points of similarity with the correspond- 
ing fluctuation in the north. 

A striking feature is the notable syn- 
chronism of fluctuations in species with 
very varying size, life span, reproduc- 
tion and ecology, as well as in very dif- 
ferent regions; in some cases this applies 
throughout the area of the northern- 
most Atlantic, at least (Fig. 1, Table 3 
and Siivonen 1950 and 1952 b, tables 
on pp. 12, 13 and 34; it should be 
emphasized that the principal nutriment 
of the tetraonids that are used as the 
sole examples here consists of needles, 
shoots and buds of various tree species). 

If the fluctuation diverges from this 
pattern either by leaving no peak in 
some areas (in local populations) in a 
general peak year or by falling at a dif- 
fering point of time, the next peak will 
as a rule coincide exactly with the fol- 
lowing general peak year, i.e. the fluc- 
tuation will immediately return to the 
synchronic, 3- to 4-year fluctuation (Fig. 














TABLE 2.—DeEcREASE IN THE SHARPNESS OF THE SHORT-TERM FLUCTUATION IN NUMBERS 
FROM NORTH TO SOUTH IN TETRAONIDS IN FINLAND ! 
Hazel grouse Blackgame Capercaillie All species 
Lapland. . , 4.52 4.22 2.74 3.83 
North Finland 2.38 2.58 2.29 2.42 
Central Finland. 2.27 1.85 1.72 1.95 
87 1.64 1.54 1.68 


South Finland. . 


_ 








1 The mean fluctuation coefficient (the catch of the peak year divided by the catch of the next 
low year), in 1933-49 according to hunting license data, ef. Fig. 1; the minimum annual catch 
in the whole of Finland in the statistics in question was 31000 (hazel grouse 1940), and the maxi- 
mum catch 352000 fowl (blackgame 1937), Siivonen 1952b pp. 7 and 10. 
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1 gives numerous examples of this; ef. 
also for instance Siivonen 1950 p. 22 
and the cycle 1937-42 above). 

In fact, it seems possible (investiga- 
tions illustrating this are still in the 
exploratory stage, Siivonen 1952b) that 
the fluctuation is reflected, with the same 
principal pattern, in phenomena parallel 
to the numerical population fluctua- 
tions, in some cases perhaps even more 
distinetly than the population fluctua- 
tions (ef. op. cit., pp. 39-40); it is also 
probable that the basic course traced by 
this fluctuation, from one peak to an- 
other and from one low to another, is 
very similar throughout (Tables 4 and 5 
and op. cit., table on p. 31). 

On the other hand, there is convincing 
evidence that despite these patterns, the 
curve representing such a fluctuation is 
so unpredictable as regards actual dates 
(i.e. as regards the regularity of the oc- 
currence of 3- or 4-year cycles) and es- 
pecially as regards quantity, that it is 
impossible, at least for the time being, 


to forecast the progress of even the most 
regular fluctuation until the reproduc- 
tion data of the summer preceding the 
hunting season in question have been 
made available (op. cit., p. 33); in other 
words the fluctuation curve is not mathe- 
matically cyclical. The same applies to 
the approximately 10-yearly appearance 
of the high peaks (ef. op. cit., p. 11). It 
is impossible to determine, at least so 
far, the exact cycle-length (which, at 
any rate, is of secondary importance 
only) of the 3- to 4-year basic fluctua- 
tion owing to the deficiencies in and the 
unspecific nature of the series available. 
Such + regular 3- to 4-year basic fluc- 
tuation occurs in its most typical form 
(dominant) in the northernmost regions 
in herbivores whose principal nutriment 
remains constant in quantity from one 
year to another (e.g. tetraonids). Short- 
term fluctuation in numbers mostly 
refers solely to this basic fluctuation. 
It is not possible to explain either the 
fairly far-reaching synchronism of the 


TABLE 3.—A STRIKING FEATURE IS THE MARKED. SYNCHRONISM IN THE 3- TO 4-YEAR 
FLUCTUATION IN NUMBERS AMONG THE VARIOUS SPECIES AND Reeaions ! 








Tetraonids 


Small rodents 











Finland Norway Britain Finland Norway E. North America 
1923-24 1923 1922-24 1922 ea re 
1926-27 1926 1926-27 1926 1926 1925-26 
1930 1930 1930 1930-31 1930 1930 
1933-34 1933-34 1933-34 1934 1934 1933-34 
- 1937 1937 1937-38 1937-38 1938 1937-38 
1942 (1941-42) 1941-42 1941-42 1941-42 1941-42 
1944-45 he tees (1944-46) 1945-46 1944-45 1945-46 
Sr rer eer (1948) 1948 ener 





1 Some of the most recent peak years in the area of the northernmost Atlantic; ef. Siivonen 


1952b, Hagen 1953, ete.; also ef. the clearly-defined general low years between the peaks; in 
addition to the species mentioned above, ptarmigans have also been included as tetraonids; the 
writer does not know of any revised material published on the occurrence of tetraonids in Nor- 
way since 1942, neither has he had material on the fluctuation of small rodents in eastern North 
America prior to 1925 and after 1946; the dates vary according to different investigators, although 
not so much that the obvious synchronism is disturbed for any one of the peaks. 
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fluctuation or the immediate return of 
“strayed peaks” (local populations) to 
the 3- to 4-year fluctuation of the basic 
fluctuation without postulating some 
factor or complex of factors, not as yet 
identified, at work in the northernmost 
latitudes and transcending local popula- 
tions. In view of the features character- 
ising the basie fluctuation, it has been 
perfectly consistent to assume that this 
factor or factor complex might also be 
the fundamental initiator of the basic 


TABLES + AND 5. 
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fluctuation as a whole. There is all the 
more reason to think this since the 
assumption does not seem to conflict 
with any special feature characterising 
short-term fluctuation in numbers. Local 
factors have been interpreted mainly as 
contributing only secondary additional 
features to the fluctuation in question 
(op. cit., pp. 35-36). 

The basic fluctuation described in the 
foregoing differs in principle from the 
wholly irregular fluctuations, approach- 


REFLECTION OF THE 3- TO 4-YEAR FLUCTUATION IN NUMBERS IN CERTAIN 
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TABLE 5 
Capercaillie Blackgame | Hazel grouse 
Un- Brood Total Un- Brood | Total 
hatched losses | losses un- | hatched losses | losses un- | Total losses 
eggs in July | til Aug. 1| eggs in July til Aug. 1 | until Aug. | 
1N46.. 9.8 15.3 24.1 9.4 16.4 22.4 23.9 
1947. 10.2 11.0 22.4 11.0 13.1 28.3 32.1 
1948 6.4 6.6 18.5 8.1 7.5 23.3 29.8 
1949. 12.2 20.2 32.1 8.4 18.9 26.1 31.2 
1950. 7.0 11.8 25.0 9.2 6.2 26.8 21.8 
1951 6.6 6.8 19.1 5.1 0.0 18.7 24.1 
1952. 6.8 13.4 22.4 6.9 17.7 25.6 24.9 
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ing more or less a pure random curve, 
which are most typical of southern re- 
gions and also of species which belong to 
other than the above-mentioned nutri- 
tional type (e.g. in the southernmost 
provinces in Fig. 1 and partridge in Eng- 
land, Siivonen 1948a, table on page 102). 
Some of the factors contributing to the 
production of such fluctuation curve 
have been 

(1) weak (irregular) basic fluctuation 
(e.g. southernmost Finland in Table 2 
and Fig. 1); 

(2) oceasional fluctuations exceeding 
the basic fluctuation (such fluctuations 

the causalities of which, e.g. avail- 
ability of nutriment, can generally be 
accounted for—are often of local occur- 
rence, e.g. Kymi 1937 and Kuopio 1940 
in Fig. 1 and partridge in the winter of 
1935/36, ef. the above) ; 

(3) deficiencies in the available series 
(ef. Table 1). 

Cole (1954), proceeding by an entirely 
different route has arrived at an opinion 
on short-term fluctuation in numbers 
similar, at least in its main features, to 
that proposed above. However, the basis 
of the interpretation advanced by Cole 
differs in principle; it combines into one 
and the same fluctuation the 3- to 4-year 
basic fluctuation characterising the 
northernmost latitudes and the irregu- 
lar fluctuations often regarded as of alto- 
gether different origin. Also, the mutual 
order of importance of the factors under- 
lying such fluctuation, adopting Cole’s 
basis of explanation, would be the re- 
verse of the relationship supposed above 
in the basie fluctuation; i.e. the growth 
and decline phenomena (the internal 
factors of the population) and the carry- 
ing capacity of local environments would 
be the basic reasons for the fluctuation, 


their external factors the secondary 
reasons. By coupling the ‘‘carry-over”’ 
with the laws of chance, Cole has doubt- 
less succeeded in providing a consistent 
and loose enough explanation simultane- 
ously for the 3- to 4-year fluctuation on 
the one hand and the approximately 10- 
year fluctuation on the other, to make 
both the basic and irregular fluctuations 
fit it at least ostensibly. 

As far as the irregular fluctuations 
characterising e.g. the southern regions 
are concerned, Cole’s explanation may be 
considered practically watertight. But, 
and especially, as regards the northern 
basic fluctuation, the explanation prob- 
ably calls for further adjustments, at any 
rate in its present form. A few examples 
of this will be given in the following. 

It is difficult to understand how the 
varry-over can function so that popula- 
tions of species totally unrelated to one 
another in size, life span and reproduc- 
tion would fluctuate with a mathemati- 
eal regularity/irregularity of practically 
almost identical wave length, despite the 
fact that one year is considered the time 
unit of reproduction (e.g. short-lived, 
vigorously reproducing 10-gramme small] 
rodents and the long-lived capercaillie 
reproducing a single brood a year and 
weighing as much as 5000 grammes, ef. 
Siivonen 1952b p. 35). 

Cole’s explanation presupposes the 
occurrence of 2-, 5- and 6-year cycles to 
a much greater extent than could be 
established in the basic type of fluetua- 
tion (ef. above). 

It is difficult to accept the growth and 
decline phenomena and the carrying 
capacity of local environments, even if 
the synchronising effect of more or less 
local meteorological phenomena are 
coupled with them, as adequate grounds 
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for the most striking phenomena of the 
basic fluctuation, i.e. the noticeable regu- 
larity of the 3- to 4-year fluctuation and 
especially the fairly far-reaching syn- 
chronism and the immediate return of 
the ‘‘strayed peaks” (local populations) 
to the basic 3- to 4-year fluctuation. As 
pointed out previously, these character- 
istics of the basic fluctuation are, as a 
rule, so strong as to hide possible ocea- 
sional fluctuations differing from this 
regularity. 

Whether the basic fluctuations charac- 
terising the northernmost latitudes and 
the irregular fluctuation described above 
are the same or different fluctuations is 
thus a very important question. Much 
can probably still be done, especially as 
regards synchronism, to settle this ques- 
tion once investigations are accompanied 
by the most thorough explanation and 
critical comparison of the causality and 
structure of each peak and low (op. cit., 
pp. 39-41). 

It is in part for these and other future 
studies to show whether the hypothesis 
now advanced by Cole, a very significant 
explanation and one worthy of consider- 
ation from the standpoint of further 
clarifying the structure and causality of 
the short-term fluctuation in numbers, 
is applicable to the pattern of this 
fluctuation or whether his argument is to 
be understood—at least in the present 
phase—as having been based merely on 
theoretical grounds approximating as 
closely as possible to the above-men- 
tioned properties characterising the 3- 
to 4-year basie fluctuation and is thus 
but a seeming explanation. Whatever 
the outcome, however, it is probably un- 
deniable that the random factor in one 
form or another should be considered a 
component factor perhaps even of great 


importance, especially as an explanation 
of the extent of the fluctuation. The 3- 
to 4-year basic fluctuation and especially 
its quantitative structure—even accord- 
ing to the earlier view—cannot be re- 
garded as a mathematically exact perio- 
dicity. 

To sum up, we have come to a point 
in the study of population cycles at 
which closer and closer cooperation is 
called for between all the schools of in- 
vestigation studying the question, if 
further progress is to be made. Perhaps 
the greatest contribution to a solution 
of this problem—a problem especially 
important in the northernmost latitudes 
—would be a concentration of its study 
to a research team with representatives 
of all schools of research where each de- 
tail and possibility in any way connected 
with the problem could be debated and 
an acceptable basis found for continua- 
tion studies by comparing the results so 
achieved. It should also be the task of 
this research group, for instance, to 
evaluate the relative reliability of all the 
series of fluctuations in population used 
and available, to arrange for and plan 
the systematic collection of the new 
material necessary for the continuation 
studies, and to decide the terminology 
associated with the question. 
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EFFECTS OF COMPENSATORY MORTALITY UPON 
POPULATION ABUNDANCE 


W. E. Ricker 


Pacific Biological Station, Nanaimo, B. C. 
Fisheries Research Board of Canada 


INTRODUCTION 


The abundance of an animal popula- 
tion at a given moment is the resultant 
of innumerable factors of the animate 
and inanimate environment. However 
the general level about which it fluctu- 
ates is determined only by the factors of 
mortality whose effectiveness varies with 
stock density (Nicholson, 1933). In order 
to play a part in population control, the 
effectiveness of a factor must vary in the 
direction of increasing the mortality rate 
as density increases; that is, it must be 
concurrent (Solomon, 1949) or com- 
pensatory (Neave, 1953). Nicholson has 
been criticized for using the word “‘com- 
petition” to include all mechanisms of 
compensatory mortality, but if this is a 
difficulty, it is merely a terminological 
one and not a weakness of his views. 


Much evidence indicates that mortal- 
ity practically always bears most heavily 
upon the younger members of a popula- 
tion—the eggs and larvae, or newborn 
and juveniles, as the case may be. With 
increasingly severe competition at higher 
stock densities, the young stages in- 
creasingly bear the brunt of whatever 
mortality factors are in operation. 
Consequently for many populations we 
shall not go far wrong in assuming, as a 
first approximation, that all compen- 
satory mortality occurs during the im- 
mature stages of the life history. 


REPRODUCTION CURVES 


On the basis just outlined, Figures 1-8 
illustrate a series of possible relations 
between an existing stock (on the ab- 
scissa), and the future stock which the 
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existing stock produces during the cur- 
rent reproductive period (ordinate). 
These will be called ‘reproduction 
curves.”’ For fishes it is most convenient 
to label the axes in terms of the mature 
eggs in present and future generations, 
respectively. The abscissa then repre- 
sents the mature eggs produced by the 
current year’s stock, and the ordinate 
represents the total of mature eggs pro- 
duced by the progeny resulting from the 
current year’s reproduction (obtained 
by summing over such period of time as 
the current year’s brood is a component 
of future years’ spawning stocks). In 
the absence of long-period trends, the 
average size of parental and filial egg 
produetion, defined as above, tends to 
balance out, although striking changes 
may occur between individual genera- 
tions. 

The straight diagonal in Figures 1-8 
constitutes a useful boundary of refer- 
ence which will be called the ‘‘45-degree 
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Fics. 1-4. Stock-reproduction relationships 
characterized by a stable equilibrium. Abscissa: 
number of eggs produced by parent stock in a 
given year; ordinate: number of eggs produced 
by the progeny of that year. 


line.’’ Any curve lying wholly above this 
line describes a stock which is increasing 
without limit, hence such a curve cannot 
exist in practice. Similarly a curve be- 
low the 45-degree line describes a stock 
that will decrease to zero in a few genera- 
tions. The 45-degree line itself would 
describe a stock in which density- 
dependence is absent, the filial genera- 
tion tending always to be equal to the 
parental, except as factors independent 
of density deflect it. Such a stock would 
have no mechanism for the regulation of 
its numbers: if only densit y-independent 
causes of mortality exist, the stock can 
vary without limit, and must eventually 
by chance decrease to zero. Thus the 
only necessary qualification of a repro- 
duction curve is that it must cut the 
45-degree line at least once—usually 
only once—and it must end below and 
to the right of that line. 


PopULATION CHANGES IN THE ABSENCE 
OF RANDOM EFFECTS 

SINGLE AGE aT Maturity. For popu- 
lations in which there is a single age at 
maturity, that is, no mixing of genera- 
tions, the curves of Figures 1-8 can be 
used directly to plot the trend of changes 
in population abundance determined by 
the reproduction curve. The various 
letter sequences show some _ possible 
routes that a population could trace. 
In every case, the point where the re- 
production curve cuts the 45-degree line 
is an equilibrium position, with repro- 
duction just balancing mortality. 

In Figure 1, an initial deflection of 
abundance to either side of the equilib- 
rium point is followed by a gradual, 
asymptotic return to equilibrium, for 
example by paths A-D or a-f. In Figure 
2a things work the same way to the left 
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of the equilibrium point; to the right of 
it any deflection, no matter how great, 
is returned to equilibrium in a single 
generation. In Figure 2b deviations to 
the left, as far as 2.5 units of stock, are 
also returned immediately to the equi- 
librium level. 

In Figure 3 the equilibrium point is at 
the top of the dome of the reproduction 
curve. The curve resembles 1 as regards 
deflections to the left of the equilibrium 
point; but a displacement to the right is 
followed by an immediate return across 
the 45-degree line to the ascending limb, 
after which it ‘‘climbs”’ this limb to the 
equilibrium point (a-d). The curve of 
Figure 4 is similar, but the dome lies to 
the right of the 45-degree line; A-E and 
a-h are possible paths to the equilibrium 
point. 

In Figure 5, a stock deflected from 
equilibrium to any position along the 
descending limb will oscillate back and 
forth about the equilibrium point with 
decreasing amplitude, for example by 
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in which there is an oscillating equilibrium, or 
(in 5) an oscillating approach to stable equilib- 
rium. Axes as in Figures 1-4. 


the route A-I. If the deflection is great 
enough, the stock may have to climb 
the left limb before it is swung over to 
the right limb and begins the oscillating 
phase. 

In Figure 5 the right limb has a down- 
ward (negative) slope less than unity. 
In Figure 6 this slope is exactly —1 after 
the dome is passed. Here any moderate 
deflection along the straight part of the 
right limb results in a swing back across 
the 45-degree line of exactly the same 
magnitude, so that the deflection tends 
to be perpetuated indefinitely; for ex- 
ample, A and B are two such conjugate 
points. The intersection of the 45-degree 
line is here a point of “indifferent” 
equilibrium: it is itself stable, but there 
is no inherent tendency for the stock to 
return to that level. 

Finally, when the downward slope of 
the right limb of a reproduction curve is 
greater than unity, equilibrium at the 
45-degree line is not merely indifferent, 
it is unstable. That is, any deflection 
from equilibrium, no matter how small, 
initiates a series of oscillations along the 
right limb whose amplitude increases 
until the dome of the curve is reached or 
surpassed. The latter event usually sends 
the stock back to the right limb and the 
cycle begins again. No matter where 
they begin, all such cycles eventually 
reach the dome of the curve, and a stable 
oscillation series is established for which 
the dome is a convenient starting point. 


|The eyele in Figure 7 is A, B, C, D, E, 


F, G, H, A, ete. The number of stages 
in this cycle depends upon the exact 
shape of the curve, chiefly upon whether 
or not one stage lands close to the 45- 
degree line. Figure 8 represents a more 
extreme situation, in which substantial 
reproduction is obtained over only a 
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narrow range of stock densities con- 
siderably below the equilibrium level, 
and the stock would be subject to violent 
oscillations. 

MULTIPLE-AGE SPAWNING STOCKs. 
When a spawning population consists of 
two or more age-groups, the young pro- 
duced in a given year contribute to the 
stock of more than one future year, and 
the results of a deflection from equilib- 
rium abundance are much modified. For 
fishes, a plausible example is one where 
each brood contributes to the spawning 
stocks of 4 future years, in the ratio 
2:3:3:2, and first spawning occurs 4 
years after a was produced. 
Figure 9 shows the result of an initial 
deflection of such a stock to an abun- 
dance of 12 on some of the reproduction 
curves of Figures 1-8. The course of 
events for the most part reflects what 
was learned in the single-spawning situa- 
tion. Those based on Figures 1-6 all end 
up at the stable equilibrium level; this 
being reached by direct approach for 1, 
2 and 3, with one hesitation for 4, and 
by a series of damped oscillations for 5 
and 6. From Figures 7 and 8 series of un- 
damped oscillations are obtained, that 
is, permanent cycles of abundance. 

It may seem surprising that curve 6 
too does not generate permanent oscilla- 
tions, but the mixing of year-classes 
gradually brings the stock to a steady 
level, in the absence of any tendency 
toward divergence. 

REPRODUCTION CURVE CyYcLeEs. Per- 
manent oscillations of the type produced 
by curves 7 and 8 will repay more ex- 
tended discussion. Figure 10 depicts 


brood 


series of oscillations, based on Figure 7, 
but with each brood contributing to the 
reproductive stock for only two years. 
Time of first maturity is successively de- 
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Fic. 9. Change in abundance of the stocks of 
Figures 1, 2a and 4-7, following an initial 
sustained deflection to an abundance of 12 
units, when the spawning stock is composed 
of four year-classes and first spawning is in 
the fourth year after hatching. Abscissa: years 
(generations); ordinate: relative abundance 
(egg production) of the mature stock. 


layed one, two, or more years, so that 
the average contribution to reproduction 
is made 1.5, 2.5, 3.5, ete., years after 
the brood in question existed as mature 
eggs. In every case stable cyclical fluc- 
tuations exist, just as in Figure: 9F. 
Their period is in every case double the 
mean interval from egg to egg, that is, 
3, 5, 7, ete., years. Other examples show 
that this can be taken as an approximate 
general rule; though when the distribu- 
tion of contributions to spawning is 
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Fic. 10. Population oscillations determined by 

the production curve of Figure 7, when there 

are two ages in the spawning stock and spawn- 

ing first occurs after 1, 2, 3, 4 and 5 years, 

respectively, from deposition of the parental 
eggs. Axes as in Figure 9. 


asymmetrical, there is a slight deviation 
in the direction of the mode. 

The amplitude of the cycles of Figure 
10 varies. If the animals are able to re- 
produce in the year after they are born, 
sunplitude is very small, but it quickly 
increases if maturity is delayed. More 
generally, appreciable amplitude in cycles 
of this type depends upon a preponder- 
ance of the reproduction of a brood 
occurring after one or more reproductive 
periods have elapsed from the time of its 
birth. A similar requirement of delay 
turns up in the description of oscillatory 
systems of other types (ef. Hutchinson, 
1948). 

With the longer intervals of lag be- 
tween hatching and first spawning, the 
cycles of Figure 10 become less regular. 
Minor peaks appear, and the pattern is 
duplicated more closely at 2-cycle inter- 
vals, a feature which can be detected 


also in Figure 9F. However these tend- 
encies become much less evident when 
more than two ages occur in the spawn- 
ing stock. Only the major peaks would 
be detectable in any combination of 
average age of spawners and average 
age at first maturity that is apt to occur 
in nature. 

Endless examples of reproduction- 
curve cycles could be constructed. Any 
desired combination of period and ampli- 
tude can be obtained, in more than one 
way, by selecting appropriate combina- 
tions of reproduction curve and age 
distribution of breeding. The general 
characteristics of such eycles can be 
summarized as follows: 

1) Cyeles occur when the outer part 
of the reproduction curve slopes down- 
ward, provided this slope begins at some 
point above the 45-degree line. 

2) Cycles are damped and eventually 
disappear when the slope of the outer 
limb of the reproduction curve lies be- 
tween 0 and —1. They are permanent 
when the slope lies between —o and 
something a little less than —1, the 
exact critical limit depending upon the 
amount of mixing of ages in the spawn- 
ing stock and the interval to first 
spawning. 

3) Period of oscillation is determined 
by the mean length of time from parental 
egg to filial eggs, being close to twice 
that interval. It is independent of the 
exact shape of the reproduction curve, 
and is little affeeted by the number or 
distribution of ages in the spawning 
stock, provided there is more than one. 

4) Amplitude of oscillation depends 
partly on the exact shape of the repro- 
duction curve. 

5) Amplitude of oscillation tends to 
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decrease with increase in the number of 
ages comprising the spawning stock. 

6) Amplitude of oscillation increases 
rapidly with increase in number of years 
between parental egg and the first pro- 
duction of filial eggs, up to a limit im- 
posed by the shape of the reproduction 
curve. When reproduction by a brood 
begins strongly in the first breeding 
period subsequent to its own birth, the 
oscillations are so weak that they could 
not be recognized in practice. 


POPULATION CHANGES WHEN THERE IS 
RANDOM MOoRTALITY 


The models discussed above, and the 
cycles which some of them generate, are 
likely to have only limited direct ap- 
plication to real populations. Super- 
imposed upon the compensatory mor- 
tality described by the reproduction 
curves there are always variations in 
reproduction due to non-compensatory 
mortality. This non-compensatory mor- 
tality may itself vary systematically, for 
example when it reflects cyclic meteoro- 
logical phenomena of cycles of other 
organisms. However, to a large extent it 
appears to be effectively random, and 
the latter situation only will be ex- 
amined. 

Random variations can be of all de- 
grees. In extreme cases they produce, 
on the one hand, the extreme ‘‘domi- 
nance” of a year-class which occurs at 
infrequent intervals among some marine 
fishes and, on the other hand, a practi- 
cally complete absence of reproduction 
in unfavorable years. However even the 
less spectacular random effects have a 
marked influence upon the actual course 
of population abundance. Consequently 
“stochastie’’ models, which take into 


account random effects, are needed to 
describe most real situations. 

Details of the construction of such 
models will be presented in a later paper, 
but an example is shown in Figure 11. 
It is based upon the same reproduction 
curve and arrangement of year-classes 
as the equilibrium phase of Curve F of 
Figure 9. Random effects were selected 
by lot from a normally-distributed popu- 
lation of such effects, and were com- 
bined with the reproduction indicated 
by Figure 7. When the intensity of 
random change was low, an average 
effect being a multiplication or division 
of the otherwise-indicated reproduction 
by 1.18, the cycle of events was not 
much affected (Curve C). With an aver- 
age change factor of 1.67, however, dis- 
turbance of the reproduction-curve cycle 
was quite marked (Curve B), and the 
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Fic. 11. Population fluctuations as determined 
by random factors only (curve A), by the re- 
production curve of Figure 7 (curve D), and 
by combinations of these (curves B and C). 
All curves except B2 start with the same age 
distribution in the population, this being that 
characteristic of the periodic series D; B2 is 
a continuation of Bl. Axes as in Figure 9. 
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basie periodicity was no longer recog- 
nizable. 

Curves B and C of Figure 11 can also 
be regarded as indicating disturbance 
which the reproduction curve imposes 
upon the resultant of random environ- 
mental factors. Effects of the latter, 
operating alone, are shown in Curve A. 
In the mixed type, B, there is a much 
greater average amplitude of change, 
and a longer average distance between 
peaks of the “‘eyecle’’, than in A. 

Kvidently the shape of the reproduc- 
tion curve is of great importance in de- 
termining the nature of population fluc- 
tuations, even though the fixed perio- 
dicity that steep curves can generate 
under stable conditions may rarely be 
recognizable. Thus an investigation of 
the shapes of reproduction curves in 
nature can be expected to throw light 
upon some classes of observed fluctua- 


, 


tions. Equally, it appears that harmonic 
or similar types of analysis, in which a 
sequence of censuses is resolved into a 
large number of periodicities, must fail 
to yield interpretable results when a re- 
production curve plays the role it does 
in Figure 11B. 


SUMMARY 


Possible relationships between stock 
density and reproduction are examined 
in Figures 1-8. When reproduction 


reaches a maximum before the equilib- 
rium point, and then declines, the stage 
is set for periodic changes in abundance. 
These are damped and tend to disappear 
if the descending limb of the reproduc- 
tion curve has a slope between 0 and 
—1, but are self-perpetuating when the 
slope is steeper. For populations which 
have more than one age in the spawning 
stock, this leads to cycles whose period 
is twice the mean time from parental to 
filial egg production, provided there is 
at least one generation lag in achieving 
maturity. When there are moderate to 
large environmental influences upon re- 
production, they interact with the repro- 
duction curve to produce an irregular 
series of changes that differs in several 
respects from what either would produce 
by itself. 
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REFLECTIONS ON THE BIOLOGY OF ANIMAL CYCLES 


Wm. Rowan 


University of Alberta, Edmonton, Alberta 


I have accepted the Editor’s invita- 
tion to comment on Professor Cole’s 
paper entitled ‘‘Some Features of Ran- 
dom Population Cycles” because I am 
filled with envy at the mathematician’s 
privilege to juggle figures, to smooth 
curves or to extrapolate them, or to pull 
rabbits from the bosoms of appropriately 
devised formulae. My presentation will 
fail to embody that exemplary precision 
since the biologist’s rabbits are living 
organisms—erratic, temperamental and 
independent. In having to deal with 
them as they are, all chance of enjoying 
the mathematician’s advantage disap- 
pears. While I read Cole’s earlier paper 
(1951) with much interest, I only regret 
that his present expansion should still 
leave me dubious of the validity of his 
case. 

The first doubt to present itself is in- 
herent in Cole’s title: Are there really 
such things as random cycles in animals 
and plants? Some of the factors involved 
may doubtless be random such as daily 
temperature variations, but the annual 
hibernation of a frog, for instance, de- 
pending on them, is not a random event; 
it is annual and cyclic, depending on 
seasonal temperature changes and day 
lengths. But these are not random phe- 
nomena either since they result from 
movements of the earth with reference 
to the sun which, far from being random, 
can be predicted for centuries ahead. So 
can, in consequence, the annual hiber- 
nating period of a given species of frog 
at a given latitude. 


52 


DEFINITIONS 

We must also decide what we mean 
by cycles. Although I shall have to in- 
voke other cycles, I shall mainly concern 
myself with one, the cycle now univer- 
sally termed “the 10-year cycle.” This 
is known from personal experience and 
ocular evidence to all inhabitants of 
middle and northern Canada, especially 
those of the west where its oscillations 
may be particularly spectacular. It has 
an approximately 10-year periodicity as 
the name indicates, and has been familiar 
to the fur trade for over 200 years. It 
involves ups and downs of certain ani- 
mal populations and hence supply, vary- 
ing from a low of 1,000 pelts or so for 
instance in the lynx, to a maximum of 
84,000. Reference to Elton and Nichol- 
son (1942) will make this clear. Their 
graph (reproduced in Rowan (1948) and 
there perhaps more readily available), 
illustrates not only amplitudes but also 
the remarkable uniformity of the time 
interval of this cycle. 

The latter is not essential to cycles, 
but the former is, even though amplitude 
of peaks is variable. The ‘‘flat’’ curve 
(Leopold, 1933) characteristic of, for 
instance, some quail populations, repre- 
sents merely random fluctuations due 
to the vagaries of weather (not climate), 
vacillating density of predators and/or 
other constantly fluctuating environ- 
mental factors operating on a small scale 
and ineapable of affecting populations 
en masse. This type of curve would ap- 
pear to fit Cole’s hypothetical require- 
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ments but it cannot itself be styled a 
eycle. 

As to the interval between peaks, the 
regularity of the ten-year cycle is excep- 
tional, approached by few other cycles, 
among them those of mice, voles and 
lemmings, and arctic foxes in Canada 
(Elton, 1942) which typically show a 
four-year interval that may keep going 
for long periods of time without a break. 
Other cycles, however, may resemble 
that of sunspots which show a long-term 
average span of something over 11 years 
but with individual intervals varying 
from 7 to 15. Likewise the Briickner 
cycle (Briickner, 1891), with an average 
length of about 35, varies from 17 years 
to 50. These are not animal cycles but 
nevertheless have direct bearing on them 
and are among the factors that seem to 
me to eliminate all chance of Cole’s 
random hypothesis being fulfilled in 
biological reality. 

A good example of random environ- 
mental circumstances affecting animal 
numbers has been provided by Grange 
(1949) who, however, appears to me to 
put exactly the wrong interpretation on 
his case. Having given an excellent ac- 
count of the effects of fires, controlled 
burning and lumbering on wilderness 
areas in the matter of inducing plant 
successions beneficial to forms of life 
that a continuous forest could not sup- 
port, he considers this the basis for the 
ten-year cycle of the snowshoe hare and 
other animals. The argument, however, 
is fallacious since it requires cyclic phe- 
nomena to produce cycles in any sense 
other than that implied by Cole. 

The point is very simple. Fires occur 
at random in a broad sense. True, they 
depend on drought and dry conditions 
but, taking the whole of Canada into 


consideration, they are nevertheless 
random for while one part of the Domin- 
ion may be dry, another will be wet. 
This year, 1953, is no exception. Alberta, 
particularly southern Alberta, has been 
unusually wet during part of the sum- 
mer while the extreme north of the 
Province and the Northwest Territories 
have been sufficiently dry to promote 
fires. Eastern Canada has also had pro- 
tracted dry spells, long enough to create 
fire hazards. Next year conditions may 
be the reverse, and annually the pattern 
changes. It is therefore inconceivable 
that if the 10-year cycle depends on the 
occurrence of fires, there should be a 
trans-Canada rabbit cycle at all, for 
(assuming Grange to be otherwise right) 
high rabbit populations would occur only 
locally and sporadically and would for- 
ever fail to coincide so there could never 
be a trans-continental cycle of the kind 
we actually get. 

Grange also perpetrates the same 
error as Cole in his casual treatment of 
the animals involved in the cycle, for he 
includes anything from timber wolves to 
snowy owls which, in fact, show very 
different cyclic patterns. Cole does not 
name species but by inference, one must 
assume, includes anything and every- 
thing. He fails to specify why the 
assemblage of small rodents which, for 
convenience, we may call “‘mice,’’ should 
adopt a 4-year periodicity, the snowshoe 
hare and all grouse a 10-year one, ducks 
one of about 35 years and the larger 
mammals none at all, or at least none 
that has yet been defined. If his random 
hypothesis were correct, this differential 
situation could surely not obtain. 

Animal cycles to me, as to most other 
biologists, signify changes in numbers 
from low (often very low) to high and 
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back again at recurring intervals. While 
they may not show the uniform spacing 
of the 10-year cycle of rabbit, grouse 
and lynx or of the 4-year cycle of 
“mice,” their repetitious character is an 
essential aspect from which can be de- 
duced long-term averages and on which 
can be based predictions, however ap- 
proximate, of future recurrences. Peri- 
odic repetition is an inevitable ingredient 
of the cycle concept. 


CyYcLes AND BIOLOGICAL FAcToRs 


As I understand Cole’s argument it 
overlooks the fact that animals are living 
organisms, readily responsive to environ- 
mental changes. A clear example of what 
I mean is provided by ducks. It is pos- 
sible to have water without ducks, but 
not ducks without water. In recently 
crossing the prairie provinces, local dif- 
ferences in duck populations have been 
striking. In southern Alberta there were 
myriads of ducks; in spots they literally 
got up in clouds as the train passed. 
Yet in the Saskatoon stretch of Sas- 
katchewan there were water-filled pot- 
holes everywhere, but no ducks. The 
explanation is to be found in the fact 
that Alberta sloughs were brimming in 
spring when the birds arrived from the 
south, providing ideal nesting conditions, 
while those of the Saskatchewan area 
filled up after the breeding season was 
already advanced. While Alberta thus 
contributed generously to duck popula- 
tions, this area of Saskatchewan con- 
tributed little. Such was the local pic- 
ture. Considered by itself it might sug- 
gest a random state of affairs but this 


is not the complete story. 

The long-term over-all situation looks 
quite different. In this framework Sas- 
katchewan and Alberta no longer play 


individual roles but become parts of one 
of the premier breeding grounds of wild- 
fowl on the continent. The picture now 
changes to one of cyclic periodicity with 
ducks relatively scarce in the Eighteen- 
twenties, the Sixties, the Nineties and 
again in the Nineteen-thirties, all periods 
of general western drought possibly rep- 
resenting the intervals of the Briickner 
eycle, a recognized climatic cycle involv- 
ing precipitation. The current spectacu- 
lar rise in waterfowl populations since 
the dry Thirties, moreover, has occurred 
despite an unprecedented increase in 
hunting pressure. In Alberta, for in- 
stance, the number of bird licenses sold 
in 1942 totalled 11,579; in 1951: 39,190; 
and in 1952: 51,106, this rise being 
paralleled virtually across Canada, 
while over 2,000,000 duck licenses have 
been sold in the U.S. Well, there is 
nothing random about this situation. 
Whatever induces the Briickner cycle 
(or equivalent meteorological periodic- 
ity) evidently controls duck populations 
also. A random hypothesis has no bear- 
ing on this case where we are dealing 
with living organisms—ducks—a _ very 
different proposition from dice, the 
totals of which (if not loaded) do indeed 
rest on pure chance, not rainfall, and 
are completely random. 

On p. 19 Cole remarks:— ‘The popu- 
lations of successive years are not inde- 
pendent but are linked together both by 
the fact that the breeding stock for one 
year ordinarily represents individuals 
surviving from the previous year and by 
persisting effects exerted by the popula- 
tion on the local environment.” 

Since a population of animals obvi- 
ously must be descended from parent 
stock, Cole’s generalization is on the 
surface correct but the supposition that 
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the population of 1952 is a carry-over 
from local stock of 1951 is not neces- 
sarily so. In Alberta, for instance, where 
the pinnated grouse is only periodically 
found on restricted areas (Rowan, 1926), 
there is no continuity of populations 
after the ten-year decline (or ‘‘erash’’) 
has occurred, for the birds disappear 
altogether. Only when replaced later 
during peak years by immigrants pre- 
sumably from Saskatchewan do they 
again show up. The same is true of the 
Hungarian partridge, and doubtless 
other species, which at its peak invades 
wholly unsuitable territory, e.g., the 
Rocky Mountains (Rowan, 1948), pre- 
sumably under pressure of numbers, 
only to disappear again the following 
year. Should they chance upon a suitable 
terrain, as now appears to be the case 
with Hungarians along the south shores 
of Lesser Slave Lake in Alberta, they 
may get a lasting foothold and establish 
a permanent gain in their general range. 
These incursions into new territory 
might pass as “irruptions’ (Leopold, 
1933), were it not for their repetition at 
intervals which makes them cyclic in 
character. Since there is a coincidence 
in time between pinnated grouse move- 
ments in the south and Hungarians 200 
miles further north and west, one might 
suspect that there is more to it than 
mere chance. And when, during the 


- same years (as in 1932-3) the sharp- 


tailed grouse in Ontario (as well as Al- 
berta) also invades new territory in vast 
numbers, the coincidence looks too re- 
markable to be accepted as random. 
That the numbers of snowshoe hares 
across Canada should also simultane- 
ously reach peak numbers and repeat 
the performance decade after decade 
synchronously with grouse and _par- 


tridge, still more foreibly suggests a 
dominating factor of the environment 
rather than random performance. 

When Cole talks of the “persistent 
effects exerted by the population on the 
local environment,” he is speaking of 
the exception, not the rule. The rule is 
that the environment exerts effects on 
populations. Cole’s case occurs with 
some frequency in deer herds of the 
U.S. under semi-artificial conditions 
(Swift, 1946) and in Canada during 
peak years of the ten-year cycle. Dur- 
ing the winter of 1951-52, for instance, 
we encountered a 23-acre patzh of young 
jack-pines which contained over a mil- 
lion trees, averaging about 3 feet in 
height. Some 30 or 40 trees had reached 
6 feet, probably the sole survivors of 
a previous rabbit peak. With the excep- 
tion of these, which had been girdled at 
snow level and were doubtless destined 
to die too, every tree on this patch had 
been barked, decapitated, stripped of 
branches and killed by snowshoe hares. 
On two other areas, by trapping, and 
shooting with a .22 rifle, we estimated 
the local rabbit population at something 
over 30,000 hares to the square mile. 
Under these abnormal circumstances 
animals can effect their environment 
but this is rare and the case is typically 
the reverse. 

Other comparable examples have been 
provided during the current peak of the 
ten-year cycle (1950-1) by both sharp- 
tailed grouse and Hungarian partridge. 
The sharp-tail normally occurs in vast 
numbers during peak years and com- 
plaints of crop damage are not infre- 
quent, but 1951 supplied an unusually 
good example. Owing to persistent rains 
during the fall, crops were left out for 
the winter in many parts of the Province. 
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On an outlying farm on the fringe of 
settlement 100 miles north of Edmon- 
ton, the owner made a series of com- 
plaints to the Game Department on 
account of the depredations of “‘chicken.”’ 
A permit was duly issued and a hunter 
spent part of an afternoon trying to 
shoot the birds out. After killing 96 
in less than two hours, he gave up the 
attempt as hopeless since his efforts 
were making no visible impression on 
total numbers. No record was available 
of the innumerable birds already killed 
by the farmer himself, but in any case 
he lost his entire 45-acre crop of wheat. 
Since sharp-tailed grouse have taken to 
cultivated grains only with the advent 
of agriculture, and flourish without 
them, these birds were not denuding 
their own supplies but the case may 
have been different with the Hungarian 
partridges which completely demolished 
50 acres of stooked oats in the Edmon- 
ton district the winter. Five 
hundred birds were put out of this patch 
on the visit of a game official in early 
January, 1951, this constituting the 
only case known to me in the western 
history of Hungarians, of this type of 
farmer complaint against the species. 
These cases are, however, exceptional. 
I have already referred to the opposite 
situation, in which ducks apparently 
respond, over long periods of time, to 


same 


environmental changes involving water, 
food and habitat, responses that are 
anything but random. This is the nor- 
mal state of affairs. The same general 
set of circumstances has apparently also 
affected other water-loving species since 
coots are abnormally abundant, bitterns 
have made a complete recovery since 
their near-extirpation during the dry 
Thirties over large areas of Alberta and 


are now again to be seen everywhere, 
while the first farmer complaints against 
clouds of marauding blackbirds ever to 
have come to my notice have material- 
ized this fall. 


THe TEN-YEAR CYCLE OF CANADA 


Before discussing some of Cole’s more 
particular statements, it is necessary to 
consider the further aspects of the 10- 
year cycle. Cole raises some valid objec- 
tions to the census methods employed 
by biologists but it is self-evident that 
in dealing with an area as vast as the 
Dominion of Canada, or merely Alberta, 
no known method exists of attaining 
precision. Precision would, of course, be 
an asset but it is also essentially im- 
material from the viewpoint of estab- 
lishing the existence of the cycle for its 
manifestations are so overwhelming as 
to be familiar to the most unobservant 
country dweller in northern Alberta. 
When peak numbers occur they are not 
merely arresting in themselves but they 
affect hunting success to such an extent 
that even city sportsmen cannot escape 
their existence. Hunting regulations in 
their turn reflect the cycle and its 10- 
year periodicity as certainly as the fur 
returns. The cycle is, in fact, inescapable 
even if the biologist makes no effort 
whatever to take a census, let alone 
refine his methods. 


The graph reproduced herewith, Fig. 1 
(yet to be corrected for other factors), 
covering eleven years, indicates the na- 
ture of the cycle. It resembles a single 
10-year segment of the muskrat chart 
from Elton and Nicholson (1942a) re- 
produced by Cole. It is based on the 
records of nearly 100 picked observers 
scattered throughout the Province and 
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enumerates merely those recorders who 
have noted increases in the four species 
concerned. The lower number of records 
for Hungarian partridge reflects the fact 
that this species does not occur in the 
wilderness areas nor, as yet, in the Peace 
River country. The sharp-tail is simi- 
larly affected owing to its almost total 
absence on the treeless prairies. The 
general parallelism of the four curves is 
the chart’s most striking feature, and 
their approximate — synchronization. 
These are the outstanding character- 
istics of the cycle and apply across the 
width of Canada and into northern 
Kurope. The British rabbit, Oryctolagus 
cuniculus, which had been introduced 


~J 


into New Zealand prior to 1838, shows 
a comparable 10-year periodicity in 
numbers (Wodzicki, 1950). 

A possible explanation for the per- 
sistence of this cycle has been pro- 
pounded by Rowan (1950) but is ir- 
relevant to the present discussion. It 
suggests, however, that a meteorological 
factor with a ten-year periodicity must 
provide the ultimate key. That the cycle 
should persist decade after decade over 
such vast areas of the earth on a random 
basis is at least beyond my personal 
powers of credulity. It seems to contra- 
vene everything we know of the laws of 
chance or population dynamics per se in 
any known environment. 
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Fic. 1. Graph showing percentage of nearly 100 observers scattered throughout Alberta who 
recorded increases in the species enumerated over a period of 11 years. All records are compiled 
in early April, when each observer has a reasonably accurate idea of the game in his locality. 
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THE SIGNIFICANCE AND CHARACTERS 
oF “PEAKS” 

It is unfortunate that Cole should 
have chosen Elton and Nicholson’s 
muskrat chart (1942a) to illustrate his 
arguments. From what I have already 
said, the normal state of affairs is not 
that animal populations control their 
environment, but that environmental 
factors regulate populations. In the case 
of the muskrat which is undoubtedly 
subject to the 10-year cycle, water con- 
ditions are super-imposed on this, for 
the muskrat is as inescapably dependent 
on precipitation as waterfowl. This fact 
modifies and masks the main cycle. To 
a mathematician, who knows how little 
may mean the figures behind the decimal 
point when dealing with large numbers, 
I should have thought it evident that 
small rises in populations such as those 
Cole picks to support his argument 
(that of 1874, for instance, in the North- 
ern Department muskrats) would be 
relegated to their logical status. This 
‘“‘neak,”’ since it represents only ten to 
twenty thousand pelts in a total of 
500,000 (2%-3%) is surely insignificant, 
and not entitled to be rated as a peak 
at all. It probably indicates no more 
than some restricted: locality in which 
rains had temporarily improved condi- 
tions for muskrat survival, or perhaps 
greater trapping effort, and has no bear- 
ing at all on the over-all picture, even 
though it boosts the total for that year 
by a small percentage. 

The general pattern of this chart 
leaves no doubt as to an :pproximately 
10-year periodicity in muskrats. The 
fact that the ““Mackenzie River” peaks 
are somewhat to the left of those of the 
“Northern Department,” indicating a 


temporal advance in the northern peaks, 
conforms with what we know of the 
cycle—it tends to begin in the north and 
terminate in the south with a corre- 
sponding time lag. Had Cole chosen 
Elton’s lynx chart (Elton and Nichol- 
son, 1942), uncomplicated by rainfall, 
he would have had no occasion to in- 
dulge in what to me appears to be a 
mere quibble. 

The 10-year cycle may be masked in 
other ways. During 1951 and 1952 Al- 
berta had a quite incredible population 
of foxes but the fact will not appear in 
the fur records, for the simple reason 
that fox skins are today valueless. 
Trappers at present look upon the fox 
as a nuisance and put out no species 
sets. The reason for the excessive popu- 
lation seems to be that a rabbit peak has 
coincided with a mouse peak. Combined 
with the virtual cessation of trapping, 
fox survival has consequently risen to 
what is possibly an all-time high for 
Canada. But the fur returns will fail to 
indicate the fact, not on account of the 
failure of biologists and their methods, 
but of a defunct market.* 

If peaks really hinged on the chance 
suppositions postulated by Cole, why 
the enormous differences that the rec- 
ords indicate? If it is the animals that 


* Under the current Provincial anti-rabies 
campaign (Alberta only) an estimated 33,000 
foxes were trapped and poisoned under govern- 
ment supervision between December, 1952 and 
July, 1953, a period of less than 8 months when 
the peak was already declining. The highest 
peaks recorded by the Hudson’s Bay Company 
(Hewitt, 1921), of 1868-9 and 1897-8, pre- 
sumably showing the Company’s entire Cana- 
dian take, ran about 35,000 and 34,000 pelts 
respectively, comparative figures that suggest 
a staggering trans-Canada fox population for 
1952 in view of Alberta’s immense total. 
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effect their environment why should a 
peak of 3,000 rabbits to the square mile 
leave the same impression as 30,000? 
Is it not more reasonable to suppose that 
it is environmental factors that restrict 
numbers to 3,000 in the one case and 
permit their expansion to 30,000 in the 
second? It seems so to me. If the cycle 
were a matter of pure chance, why 
should it be virtually confined to a belt 
round the northern hemisphere running 
from about 50° to 30° north, or why 
should the same species cycle in the 
north but fail to do so further south? 
Why should it show the persistent 10- 
year interval? Why the synchronization 
of some species and the complete failure 
of others? Why the agreement in time 
across the width of Canada? Why should 
the eyele not apply to migratory species 
of birds, and yet be so apparent in resi- 
dents? All these points militate against 
the supposition that the cycle is random 
and suggest rather that it is definitely 
due to environmental factors to which 
some species are susceptible and others 
immune. 

Siivonen’s 3-year intervals (1950) are 
difficult to interpret since they infer an 
accuracy of, and refinements in, census 
taking that it is difficult to conceive 
possible even in so small a country as 
Finland. As far as they go, they suggest 
Leopold’s ‘flat’? curve much more 
closely than the 10-year cycle of which 
they are supposed to be component 
parts. So rated, they would agree with 
Cole’s random hypothesis but it seems 
to me that their validity, as a country- 
wide phenomenon, still remains to be 
fully established. 

While the 10-year cycle does, in fact, 
show the remarkable periodicity attrib- 
uted to it, evidenced in existing statistics 


of various kinds which are constantly in- 
creasing in number, the extreme regu- 
larity often assumed has to be qualified 
in one respect. During our current in- 
vestigations in Alberta, we are taking 
particular pains to record increasing or 
decreasing numbers in specific localities 
over a period of years. We are already 
satisfied that while a population may be 
falling in a locality A, it may still be 
rising in a locality B. There may be as 
much as three years difference in actual 
peak (or minimal) numbers as between 
one area and another. 

These, however, are minor features in 
an over-all summary of a cycle in popu- 
lations affecting the whole of Canada. 
Figure 1, while representing a composite 
picture of Alberta as a whole which 
ignores local details, is at the moment 
paralleled in Saskatchewan and Mani- 
toba also. Eastern figures have not yet 
come to hand but, in view of previous 
cycles, there is no reason to suspect that 
the east will upset the apple cart. The 
fur statistics for all Canada, showing 
minima at ten-year periods, and going 
back for nearly two centuries, support 
this viewpoint. The critics who have ob- 
jected have been concerned with local 
records and have ignored the trans- 
Canada sum-total. 

One final comment. When Cole sug- 
gests that biologists are hunting for 
“mysterious” explanations for the 10- 
year cycle, the word mysterious is hardly 
the correct one. The cycles referred to 
above unquestionably exist. That a 4-, 
10- and 35-year cycle should all hinge on 
the single mathematical postulate enun- 
ciated by Cole would not only be indeed 
a mystery, but an insoluble one. The 
duck cycle is no mystery because its 
biological aspects come within our 
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sphere of knowledge but it seems safe 
to say that the other two referred to 
above are not cases of mystery either 
but of current ignorance. With persistent 
effort, and some ingenuity in the matter 
of approach, there seems no reason why 
they should not be finally solved but on 
a biological, not a mathematical, basis. 
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THE LOGIC OF THE MATHEMATICAL THEORY 
OF ANIMAL POPULATIONS 


P. A. P. Moran 


Professor of Statistics, Australian National University, Canberra 


In order to study animal population 
theory it is necessary to use mathe- 
matics. This can be done in two ways. 
One may start with numerical data ob- 
tained by observation and attempt to 
analyse these in order to see what is 
actually happening. This is the large 
field of statistical methods and includes 
the theory of various sampling methods 
used to estimate population density, age 


distribution, birth and death rates and 
such other factors as may be important. 
It also includes the use of time series 
analysis and correlation analysis for the 
study of series of such observations and 
the relationship and dependence of the 
population on such outside factors as 
weather, or for the relationships between 
several different populations. 
Alternatively one may start with what 
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one already knows about the factors in- 
volved in the problem and try to con- 
struct a mathematical model of the sit- 
uation. From this model one can then 
try to see what factors are necessary for 
the production of particular phenomena 
such as ‘eycles.’ Since the subject is es- 
sentially numerical such models are 
essential to the understanding of what 
is happening. The study of a ‘‘model”’ 
(which is exactly the technique used in 
the physical sciences) is sometimes de- 
scribed as an a priori approach but this 
is somewhat misleading as one cannot 
construct a model without having con- 
siderable empirical knowledge of the 
phenomena which we want to describe. 
The adequacy of the model will depend 
on how fully we can represent the actual 
situation in mathematical terms. How- 
ever even an inadequate model may be 
of great service in enabling one to see 
just what are the important or unim- 
portant factors in a particular situation. 
We can rarely expect quantitative agree- 
ment between deductions from a model 
and observed phenomena, if only be- 
cause we so rarely know the numerical 
values of the parameters involved. 
Moreover many phenomena are influ- 
enced by random causes such as weather, 
and in any ease, in finite populations 
such as oecur in nature such coefficients 
as birth and death rates are statistical 
in-nature. It is therefore convenient to 
distinguish between ‘deterministic’ mod- 
els in which events occur with certainty, 
and ‘stochastic’ or ‘probabilistic’ models 
in which we can only predict the proba- 
bilities with which events will occur. 
Leaving aside the large and complicated 
field of population genetics, it is the de- 
terministie models which are of main 
interest to the animal ecologist, the 


probabilistic models having so far found 
their main application in microbiology. 

It is the purpose of the present paper 
to outline the principal facts which must 
be considered by anyone constructing a 
mathematical model of an animal popu- 
lation, to see how the adequacy of a 
model increases as more and more of the 
actual situation is taken account of, and 
to consider what deductions can be 
drawn from the simplest mathematical 
arguments. Let us first consider what 
are the chief facts about animal popula- 
tions which we wish to understand. 

Firstly, we are usually confronted in 
nature with animal populations which 
maintain a more or less constant level, 
never dying out and never increasing 
without limit. Thus, provided the en- 
vironment does not change permanently, 
the average population density taken 
over a long period of years settles down 
to a definite value as the number of 
years is taken larger and larger. We wish 
to understand why this average settles 
down to its particular value and not, for 
example, to twice the observed value. 
We also want to know why the popula- 
tion does vary about a finite non-zero 
ralue, never dying out and never in- 
creasing indefinitely. 

Secondly, we observe that the popula- 
tion density is never exactly equal to 
this average value but fluctuates about 
it, being sometimes larger and sometimes 
smaller. We may describe such varia- 
tions as fluctuations. In many cases they 
will be largely explained by variations 
in the environment (such as weather) 
from year to year. 

Thirdly, we may in some populations 
observe ‘oscillatory’ or ‘cyclic’ behav- 
iour. It is important to be clear as to 
what such a term means. This use of the 
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word “cyclic” is altogether different 
from that of Cole (1954). We shall say 
that a series shows ‘oscillatory’ behav- 
iour if the fact that at any given time 
the population is not at its mean value 
implies that there will be a tendency for 
the series to “‘overshoot”’ the mean value. 
Thus if at some time t, n, the size of the 
population, is greater than its mean 
value, there will be a tendency at some 
later time for n to be less than its mean 
value. (This does not mean there exists 
an underlying exact period). This is, 
when applied to random _ processes, 
equivalent to asserting that there is at 
least one serial correlation, of some 
order, which is negative. This type of 
behaviour is to be sharply distinguished 
from the kind of wandering behaviour 
in which there is no tendency to over- 
shoot the mean. If a moving average, 
with positive weights, is taken of a series 
of random numbers, a series will be ob- 
tained which is serially correlated and 
which wanders from one side of the mean 
to the other without, however, having 
any intrinsically oscillatory properties. 
The analysis of an empirical series to 
determine whether it shows such an in- 
trinsically oscillatory tendency is a mat- 
ter for the expert in time series and often 
-sannot be decided by eye. As an example 
the well known series of lynx trapping 
is certainly oscillatory in nature (Moran, 
1953a) but series of game-birds bags in 
the Scottish Highlands are equally cer- 
tainly not oscillatory (Moran, 1952). 
We now consider how elementary 
mathematical analysis enables us to lay 
bare the factors necessary for the ex- 
planation of the three above types of 
fact. We represent the population den- 
sity by a number n which is the number 
of animals in a definite area. n is there- 


fore discrete but for convenience we 
shall take it as continuous so that we 
will be able to use the differential caleu- 
lus. The error in thus replacing an essen- 
tially discrete quantity by a continu- 
ously varying one will be quite negligible 
in comparison with the other approxima- 
tions. For certain types of model involv- 
ing probability it would be essential to 
take n as a discrete quantity, but not in 
what follows. We shall also assume that 
there is no migration in or out of the 
area. 

There are a number of factors which 
must be taken account of in any full 
explanation of the behaviour of an ani- 
mal population but which we shall 
neglect at first. As Fisher writes in con- 
nection with a similar situation in popu- 
lation genetics ‘‘the effect of all such 
complications can only be discussed by 
reference to the course of events when 
they are absent.’”’ The principal such 
considerations are (a) the age and sex 
structure of the population, (b) the in- 
fluence of the weather and the seasons, 
(c) the physiological state of the popula- 
tion, and (d) the effect of other animals. 
We shall consider the role of these later. 

Now consider the rate at which the 
population is changing. This may be 
written as the differential coefficient 
dn ; 

— of n with respect to time, and must 
dt 

be equal to the rate at which new ani- 
mals are being introduced (births) minus 
the rate at which they are being removed 
(deaths). These rates are respectively n 
times the birth rate B and n times the 
death rate D. Thus we have our funda- 
mental equation 


dn 
— = n(B-D) (1) 


dt 
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It is to be noted that this equation is 
(apart from migration) necessarily true 
in any population simply as a conse- 
quence of the way in which the terms 
involved have been defined. The way in 
which the population behaves will be 
completely determined by the way in 
which B and D will vary with the situa- 
tion. Little illumination is to be gained 
by considering what happens when B 
and D vary with time alone so that we 
shall suppose they are independent of t. 
If they are constants, the population 
will increase if B — D > 0 and the pro- 
portionate rate of increase will be con- 
stant, the population size tending to 
infinity. If on the other hand B — D < 0 
the population will decline to zero. If 
B — D = O the population will remain 
constant, in theory, but in practice the 
effect of random disturbances will be to 
make the population size wander until 
by chance it extinguishes itself. Thus 
the supposition that B — D is independ- 
ent of n is not tenable. This has impor- 
tant consequences for it means that 
factors influencing the population which 
are not ‘density dependeat’ cannot be 
responsible for the control of a popula- 
tion at a particular level. By density 
dependent factor we here mean a factor 
whose influence in B — D is dependent 
on n. Thus a factor such as weather, for 
example, which kills 10% (say) of the 
population, whether the population is 
large or small, is not a density dependent 
factor and cannot be invoked to explain 
the average level of population density. 
(It is not asserted that weather actually 
affects the population in this way. 
Whether it does, or not, is a matter for 
empirical investigation). There seems to 
be a widespread misunderstanding of 
this point amongst biologists. It is also 


to be noted that the above argument 
follows necessarily from the meaning of 
terms involved and cannot be refuted 
by experiment or empirical facts. 

However it is important to notice 
that density dependence in the above 
sense covers a wide range of phenomena. 
Thus an animal which has a protective 
region of refuge from weather conditions 
(for example an area in which the climate 
is more suitable) may have its popula- 
tion density controlled by weather which 
is then acting as a density dependent 
factor, for when the population is large 
it expands outside its preferred region 
and weather conditions may thus be re- 
sponsible for a higher death rate in a 
larger population due to there being a 
higher proportion of the total population 
in the less protected region. 

It follows from the above that B — D 
must be dependent on n. Our equation 
can now be written 


dn _ n(B(n) — D(n) ) (2) 


dt 
We note that this leads to the well 
known logistic equation. For if {B(n) 
— D(n)} is a function of n the natural 
first approximation is to make this a 
linear function and write {B(n) — 
D(n)} = a — bN. This results in the 
logistic equation which implies that the 
population ultimately tends to the value 
ab either from above or from below. 
The logistic equation can be solved ex- 
plicitly but the resulting curve is not to 
be recommended for fitting to observed 
populations for a variety of reasons not 
least amongst which is the neglect of the 
age-structure. However equation (2) 
shows that if {B(n) _ D(n)} > 0 for 
n < no and <0 for n > no the population 
will tend to the value np and thus we can 
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now understand how a population can 
have a tendency to a definite level. 

Fluctuations from year to year of the 
environment will cause B(n) — D(n) to 
rary and thus cause fluctuations in the 
population size. If the population is 
small, fluctuations will also be caused 
by the fact that the population is essen- 
tially discrete and births and deaths are 
random events so that the above model 
being deterministic oversimplifies the 
situation. Here again we can see B(n) — 
D(n) must be dependent on n for the 
population to tend to have a definite 
level. 

In practice some populations defi- 
nitely oscillate about their mean. Let us 
consider again equation (2) to see how 
this can happen. If the solution of this 
equation oscillates it would be possible 
to find two different values of t at which 
n is the same but at one of which n is 


, , dn 
increasing 53 > 0) and at the other 
at 


at 


. dn iii ‘ 
decreasing 7 < o). This is clearly im- 


, . dn. , 
possible since — is determined uniquely 
at 


by n. It follows that oscillations cannot 
occur with a model of this type and this 
is true generally of any model in which 
the future of the population after a time 
t is uniquely determined by the value 
of n alone. To explain oscillations in n 
we must therefore invoke other factors 
and there are a number of these which 
will produce oscillations. 

The most obvious is an oscillatory 
(in many cases strictly periodic) change 
in the environment. This produces oscil- 
latory changes in {B(n) — D(n)} and 
so in n. Seasonal variations in weather 
are the most frequent causes of this type. 
These however will not explain oscilla- 


tory movements in yearly figures. Sun- 
spots, for example, have been invoked 
to explain oscillations with periods of 
about eleven years but no positive evi- 
dence supporting this explanation has 
been brought forward and in the well 
known case of the cyclic behaviour in 
the Canadian lynx this is certainly not 
the explanation (Moran, 1949b). 

The next most obvious factor to be 
considered is the age distribution of the 
population. Birth rates and death rates 
practically always vary with the age of 
the animal and thus (1) or (2) is not 
an adequate description. To construct 
a theory involving age distribution we 
may proceed in two ways. We may 
specify the age distribution by a con- 
tinuous distribution function and use 
continuous functions B(x) and D(x), 
the birth and death rates at ages x. This 
method which leads to integral equa- 
tions has been used extensively for hu- 
man populations. Alternatively it is 
often more convenient to split the popu- 
lation up into a series of discrete age 
groups e.g. 0-1 years, 1-2 years, ete. 
Instead of an integral equation we now 
have a set of linear equations which is a 
little easier to deal with. The second 
approach is an approximation to the 
first and both lead to the conclusion 
that if the birth and death rates, at the 
various ages, do not depend on the 
population size, there can arise oscilla- 
tions in n (depending on the initial con- 
ditions) which are damped out as the 
time increases. If { B(x) _ D(x)} is 
also dependent on n so that we write 
it {B(x,n) — D(x,n)} it is difficult to 
make general statements but in the most 
plausible cases it has been shown by 
Leslie (1948) that the oscillations are 
again damped out. Leslie has discussed 
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the whole matrix theory mentioned 
above in a most elegant manner (1946). 

{B — D} may also depend on the 
past history of the animals concerned. 
This type of phenomena can occur in a 
number of different situations. I have 
discussed one particular case elsewhere, 
(Moran, 1950b) using a somewhat un- 
realistic model. Another typical case is 
the following one. If “births” are taken 
as the number of animals entering the 
population considered at the time t, 
these animals may have been the off- 
spring of animals at a considerably 
earlier period. For example if the popu- 
lation is one of insects, the number enter- 
ing at any time may have spent some 
period as larvae. In this case the rate of 
increase of the population at any time 
t is a function not only of the population 
size and age structure at the time t but 
also of the population at time t — k 
where k is the length of time between 
the laying of the eggs and the emergence 
of the adult insect. Very strong oscilla- 
tions have been produced in this manner 
in insect populations in the laboratory 
of which the most striking example is 
that of Nicholson (1950). I hope to pub- 
lish a full mathematical analysis of these 
experiments at a later date. 

L. C. Cole has recently maintained 
that ‘‘eyeles’” in animal population can 
be produced by purely random varia- 
tions. His definition of cyclic behaviour 
is not however very clear. I prefer to 
regard ‘cyclic’ behaviour as occurring 
when the series is definitely oscillatory 
in the sense defined above, that is to say 
when a divergence of the population 
from its mean value implies a tendency 
to overshoot the mean value at some 
future date. The only satisfactory way 
in which we can find out whether this is 


happening in practice is to make a serial 
correlational analysis of the series and 
see if any of the serial correlations found 
are significantly negative. 

I have made such an analysis of the 
lynx population (Moran, 1953a) and of 
four series of game-bird records collected 
by Mackenzie (Moran, 1952). The lynx 
series is definitely oscillatory since some 
of the serial correlations are definitely 
negative, but the game-bird series, al- 
though definitely serially correlated, do 
not show any real signs of oscillatory 
behaviour. These series have also been 
analysed in relation to weather phe- 
nomena (Moran, 1953b, 1954). 

Cole tackles the problem solely by 
considering the mean distance between 
peaks. This is quite inadequate. It is 
easy to show that a series whose serial 
correlations are all non-negative (such 
as, for example, a series produced by a 
moving average, with positive weights, 
of a series of random numbers) may have 
a mean distance between peaks which 
has any prescribed value between three 
and infinity. But it is also possible to 
construct intrinsically oscillatory series 
some of whose serial correlations are 
negative, whose mean distance between 
peaks has any value between two and 
infinity. Thus the mean distance be- 
tween peaks cannot provide us with any 
real understanding of the nature of the 
series. There may be few absolutely 
certain facts in this subject but one of 
them is that the lynx cycle cannot be 
explained as a moving average with 
positive weights of a series of random 
numbers. 

It is also misleading to state that re- 
peated smoothing will cause series of 
completely random data to tend to a 
cosine curve. This cannot happen with 
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repeated moving averages with non- 
negative weights but only with certain 
moving averages with negative weights 
thus introducing negative serial correla- 
tion. The theory of this problem is now 
fully understood (see for example Moran, 
1949a, 1950a). 
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ON THE HAZARDS OF OVEREMPHASIZING NUMERICAL 
FLUCTUATIONS IN STUDIES OF “CYCLIC” PHENOMENA 
IN MUSKRAT POPULATIONS ! 


Paul L. Errington 


Iowa State College, Ames, Iowa 


The past quarter-century has been 
one of accelerating scientific interest in 
fluctuations of wild populations, and 
to be 


this acceleration does not seem 


1 Journal Paper No. J-2392 of the Iowa 
Agricultural Experiment Station, Ames, Iowa, 
Project No. 1217. A contribution from the 
Iowa Cooperative Wildlife Research Unit. 
The Fish and Wildlife Service (United States 
Department of the Interior), lowa State Col- 
lege, Iowa State Commission, 
and the Wildlife Management Institute, co- 
operating. 


Conservation 


over. More and more investigators, es- 
pecially zoologists and wildlife managers, 
have been concerning themselves with 
the so-called ‘‘eyclic’”’ changes shown by 
this or that species. 

The resulting literature has become 
so voluminous in the English, German, 
and Seandinavian languages alone, that 
I doubt that any one person could now 
truly master it in a lifetime, even if he 
were competent in all of the fields of 
science contributing. Its scientifically 
reputable authors include not only bi- 
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Cyciic PHENOMENA IN MuskKrRAT POPULATIONS 


ologists of many fields but also econo- 
mists, meteorologists, astronomers, and 
mathematicians. The subject matter so 
treated is sufficiently complex and lack- 
ing in first-class data to make it ex- 
tremely difficult to judge whether we are 
on the trail of the truth or not, or what 
the truth may mean if we have it be- 
fore us. 

As good a way as any to introduce a 
reader to some of the over-all aspects of 
the “eyelie’’ picture in animal popula- 
tions may be to refer him to the recent 
books by Elton (1942), Bump, Darrow, 
Idminster, and Crissey (1947), Allee, 
IKXmerson, Park, Park, and Schmidt 
(1949), and Grange (1949), as well as to 
the review papers and discussions by 
Dymond (1947), Siivonen (1948), Ka- 
lela (1949), Solomon (1949), Franz 
(1950), Rowan (1950), Christian (1950), 
and Cole (1951). These works are se- 
lected because of their relative up-to- 
dateness and their illustrations of both 
the major differences in viewpoints 
among biologists studying population 
cycles and the more distinctive contribu- 
tions of the authors. A reader should be 
prepared for divergent and conflicting 
opinions, without interpreting them as 
meaning that anyone is necessarily all 
right or all wrong. 

My own views concerning population 
“eyeles” have changed during the quar- 
ter-century when I have been profes- 
sionally engaged in wildlife research, and 
very probably they may change some 
more, very probably also in ways that 
[ cannot now predict. As one investi- 
gator, I do not in any way claim to have 
the answers to the ancient mysteries of 
“eycelic” or like fluctuations of species, 
my own research specialties among these 
species included. But, since I have long 
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attributed some of the outstanding con- 
fusion in the literature on population 
“eyeles’”’ to undue preoccupation of 
scholars with numerical fluctuations, 
per se (Errington, 1945, 1946, 1951), my 
hope is that a presentation of data from 
a different approach may help reconcile 
some of the controversies that are cur- 
rently so apparent. Better progress 
toward what are (or should be) mutual 
objectives in studying population “cy- 
cles” might be possible if the more dis- 
tracting areas of disagreement could be 
reduced. I think that they can be. 

Although this paper is written from 
the viewpoint of population phenomena 
of the North American muskrat (On- 
datra zibethicus), my original dissatisfac- 
tion with gross fluctuations as a major 
if not the sole criterion of ‘“‘cyclic” be- 
havior in vertebrate populations was an 
outgrowth of many years of work on the 
bobwhite quail (Colinus virginianus) in 
north-central United States. Whenever 
heavy snowfalls covered the grains and 
weed seeds on the ground for a couple of 
weeks or longer and thus deprived most 
of the bobwhites of nourishing food, 
drastic population declines were apt to 
occur, whether any cycle-like regularities 
showed up in the year-to-year popula- 
tion fluctuations or not. Of such emer- 
gencies, it may be said that they came 
when they came, and a real, deep-snow 
starvation crisis in a bobwhite popula- 
tion was one of the easiest things to: 
make sure about through careful field: 
studies (Errington, 1945). 

Now, in our twentieth year of detailed 
investigations of muskrat populations 
in central and northern Iowa, we can 
see certain ways in which history has 
repeated itself according to seemingly 
definite patterns—and certain ways in. 
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which this evidently has not been 
occurring. 


If the more or less regular changes 
shown by the Iowa muskrat data are 
identifiable with any ‘‘classie cycle” of 
the literature, it would seem to be with 
the approximately ten-year periods of 
alternating abundance and scarcity of 
snowshoe hares (Lepus americanus) and 
ruffed grouse (Bonasa umbellus) over 
their characteristic ranges in the Ameri- 
ean “North Woods.’ Without here be- 
coming too much involved with the ups 
and downs of hares and grouse—no spe- 
cial field of competence of mine, anyway 
—I may designate for continued refer- 
ence in this paper the years ending in 
ones and twos and those ending in sixes 
and sevens. 


These two year-series have looked, in 
the literature, pretty much like those of 
the respective ‘‘cyclic highs” and ‘‘cyclie 
lows”’ of the snowshoe hare and ruffed 
grouse populations of north - central 
United States since at least the begin- 
ning of the Twentieth Century—though 
it should be inferred that the popula- 
tion changes even of such ‘“‘classically 
cyclic” species were always pronounced 
or remarkably synchronous during this 
period, either over particular localities 
or over the region. Nevertheless, fluctua- 
tions of snowshoe hares and _ ruffed 
grouse have seemed to be, in their com- 
parative regularities, among the more 
meaningful of the long-observed fluctua- 
tions of animals—as much the possible 
manifestations of an unknown something 
big as the fluctuations of any species of 


animal—and my feeling is that their 


lining up with the patterns of changes 
shown by our muskrats of the southern 
part of the region could reflect, to some 


degree, the same underlying, unknown 
mechanism. 


FLUCTUATIONS IN NUMBERS OF 
Iowa MusKRaATS 

Fig. 1, which depicts over-all popu- 
lation changes of Iowa muskrats, 1934- 
52, is based upon annual reports of fur- 
buyers to the Iowa State Conservation 
Commission and upon my own esti- 
mates as to the varying proportions of 
fall populations that were harvested by 
fur-trapping and the proportions of un- 
trapped animals that were still alive by 
the following breeding season. The re- 
sulting round-number population values 
for spring and fall should be about as 
accurate on a state-wide scale as any 
that I know how to arrive at. 

On the other hand, Figs. 2 to 6 are 
a product of upwards of 22,000 hours 
spent on about 30 square miles of Iowa 
study areas kept under regular year-to- 
year observation. Even though the 
values put down are not of uniform 
quality, they are based upon quite ac- 
curate field data. This is notably true 
for some of the lower population densi- 
ties shown by area case histories and for 
mid-spring of each year. In spring, fewer 
technical uncertainties have to be con- 
tended with than in fall, except when 
entire or nearly entire population groups 
may be trapped in fall for fur or for 
experimental purposes. Fall censuses are 
often made through several methods 
used in conjunction, with final selection 
of a numerical value depending upon 
what looks closest to the truth under 
the circumstances. 

The sources and appraisals of the data 
of Figs. 2 to 6 may not be profitably 
reviewed in this condensed paper but 
they are given, along with a comprehen- 
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Fig. 1. Spring and fall populations of muskrats in Iowa, 1934-52. 
sive account of field techniques, in a 1943, when the region’s hares and 


recently completed book manuscript on 
muskrat populations. Pending publica- 
tion of the book, a reader may get an 
idea of the main procedures for area 
censuses from an earlier outline (Erring- 
ton, 1943: 805-806). 

raking up first the state-wide popula- 
tions of lowa muskrats, we may see in 


grouse had started downward. Muskrat 
populations for the years of continuing 
declines for the ‘‘North Woods” hares 
and grouse, 1944-46, remained above 
average for our period of study, and 
higher than in 1941, one of the years of 
a “‘eyelic high” for hares and grouse. 
As the new “cyclic high” of the hares 


Fig. 1 a little conformity and much un- and grouse approached, 1949-51, the 
conformity to the patterns of fluetua- Jowa muskrats remained at  below- 
tions of hares and grouse of the ““North average levels. 

Woods’’ parts of our region. Our peak For the Ruthven area (Fig. 2), the 


muskrat population of record came in 


peak muskrat populations were in 1934 
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Fic. 2. 


Data (NoTE Sympars) 


Spring and fall populations of muskrats on Round and Mud 


Lakes, northwest. Iowa, 1933-41. 


and 1935, when the region’s hares and 
grouse were on the downgrade. These 
muskrats did show a decline in 1936 
that coincided with the low period of 


hares and grouse, but their recorded 
fortunes thereafter were not in good 
agreement with the increase of hares 


and grouse by 1940 and 1941. 

For Cheever Lake (Fig. 3), consider- 
able local differences were apparent, 
with 1943 again being the peak year, 


and with 1946 and 1947, years of the 


chronological ‘‘eyclic low,”’ having more 
muskrats than in 1941, one of the years 
of the ‘‘eyelic high.”” One subdivision, 
Central Marsh of Cheever Lake (Fig. 4), 
had its peak population in 1939. 

Wall Lake (Fig. 5) had very low 
muskrat populations from 1939 to 1943, 
the years centering about the ‘‘cyclic 
high,’ but had very high populations 
from 1944 to 1946, the chronological 
“eyelic downgrade.’”’ The marsh had 
relatively depressed populations again 
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Fig. 3. Spring and fall populations of muskrat 


on Cheever Lake, northwest Iowa, 1939-49. 


hares and 
reaching 


from 1948 to 1951, when 
grouse to the north were 
another peak. 

The central Iowa totalling 
about 25 square miles and including 
essentially every type of muskrat habi- 
tat found in three agricultural counties, 
show bewildering seasonal and yearly 
variations in local muskrat populations 
but, taken collectively, their data define 
some remarkably uniform trends. But 
there is nothing in fluctuations of central 
Iowa muskrats to suggest any close 
correlation with hare and grouse fluctua- 
tions (Fig. 6). 

Indeed, I should not expect fluctua- 
tions in numbers of semi-aquatic musk- 
rats (Figs. 1 to 6) to be in agreement 
with fluctuations of terrestrial hares and 


areas, 
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Fic. 4. Spring and fall populations of muskrats 
on Central Marsh of Cheever Lake, northwest 
Iowa, 1939-49. 


grouse. Not only do we have opposite 
extremes in habitat requirements for 
these contrasting snecies but they differ 
so much in their ability to withstand 
climatic extremes that their fluctuations 
could hardly give us anything other 
than the shakiest of grounds for con- 
sidering the question of a possible com- 
mon depressive mechanism—or, con- 
ceivably, of a stimulating mechanism— 
that did not happen to operate through 
gross changes in either habitats or 
climate. 

Whatever may be the factors, ‘‘eyclic” 
or otherwise, that actually govern the 
population levels of hares and grouse 
during a given year, it is plain that Iowa 
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Fic. 5. Spring and fall populations of muskrats 
on Wall Lake, north-central Iowa, 1939-52. 


muskrat populations are chiefly deter- 
mined by the numbers that muskrats 
themselves will tolerate in the available 
environment, by the status of food and 
water in that environment, and, locally, 
by the severity and nature of trapping 
pressures and disease losses (Errington, 
1951). The unlikeliness of finding regu- 
larities in muskrat fluctuations during 
years of highly irregular weather fluc- 
tuations should be evident if we but 
keep in mind that, of the past two dec- 
ades, 1934, 1936, 1937, 1939, 1940, 1941, 
1944, 1945, 1947, 1948, 1949, 1950, 1952, 
and 1953 were all years of severe to 
overwhelming droughts—mostly in late 
summer and fall—for many of our Iowa 
muskrat populations. The point is that, 
irrespective of whatever rhythmic fluc- 


tuations other species of animals (or 


even the muskrats) might ever show on 
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Fic. 6. Spring and fall populations of muskrats 
on central Iowa study areas, collectively, 
1941-52. 


occasion, muskrat populations may be 
expected to decline in any year when 
marshes and streams dry up and stay 
dry. 


BREEDING-SEASON AND YEAR-TO-YEAR 
GAINS OF lowA MUSKRATS 


Two major, partly overlapping, math- 
ematical patterns may be looked for in 
Figs. 1 to 6. The best known of these is 
the Verhulst-Pearl-Reed ‘“‘logistie’”’ curve 
of population growth, which is of very 
wide application (Allee, Emerson, Park, 
Park, and Schmidt, 1949: 301-315). 
The second is the tendency for spring- 
to-fall population gains to line up in 
inverse ratio to the spring breeding 
densities, with rates of gain diminishing 
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as breeding populations reached top- 
heavy levels for their habitats (Erring- 
ton, 1945, 1946); the resulting curves 
defined by data from an area over a 
period of years may be especially in- 
formative for populations that are sub- 
ject to drastic reductions during the 
nonbreeding months. 

For the bobwhite quail and other wild 
vertebrates for which year-to-year popu- 
lation data were available at the times 
of preparation of my 1945 and 1946 
papers, lack of conformity of rates of 
gain to either the “logistic” or the “‘in- 
versity’? curves was considered among 
the criteria of possible “‘cyclic”’ influence. 
Within the framework of the mathe- 
matical patterns, natural resiliences of 
most of the populations permitted a 
great deal of biological counterbalancing. 
Annual variations in impacts of preda- 
tion, diseases, minor environmental and 
weather effects, and miscellaneous losses 
tended to be automatically compen- 
sated. Something of the order of an 
overwhelming emergency or change was 
usually required to put a downward kink 
in a “logistic”? curve or to drop a data 
point decidedly below an ‘“‘inversity”’ 
curve; and, for years during which more 
or less stable environments and non- 
emergency weather conditions prevailed, 
rates of gain that fell below the slopes 
of these two curves were regarded with 
special interest. Such a large proportion 
of these otherwise inexplicable off-points 
agree in chronology with the “low-cycle” 
years of snowshoe hares and ruffed 
grouse that explanations in terms of 
“eyelic’’ connections seemed about as 
logical as any coming to mind. 

Let us now do what we can to appraise 
the data plotted in Figs. 1 to 6 from the 
standpoint of possible “cyclie’’ signifi- 


cance of departures from the better de- 
fined mathematical patterns, to try to 
make progress in dissociating variables 
due to the more outstanding weather 
phenomena and habitat changes. 

The state-wide populations show regu- 
lar fall-to-fall increases for two periods, 
1941-43 and 1950-52 (upper Fig. 1); 
the fluctuations of the other years may 
be attributed mainly to drought emer- 
gencies, except for the moderate and 
gradual decline of 1944-46, which could 
be “cyclic.” In lower Fig. 1, two evident 
bases of response are indicated by lines, 
the “‘normal”’ one along the 1938—1935-— 
1945-1952-1942-1943 slope and _ the 
other, reflecting rather uniform con- 
striction of habitats during a series of 
dry summers and falls, along the 1947— 
1949-1950-1948 slope. Below the latter 
slope, the depressions of 1937 and 1939 
were associated with fall droughts of 
extraordinary severity. Of the six data 
points falling between the two groups 
of connected data points, that for 1946 
most probably reflects an uncomplicated 
“eyclic low” and that for 1936 a “‘cyclic 
low” and drought in combination. On 
the other hand, the point for 1951, 
chronologically aligned with a ‘‘cyclic 
high” and favorable weather conditions, 
is in a peculiarly depressed position, but 
there it is, anyway, with or without any 
convincing theoretical explanation! In 
1940 and 1941, many populations were 
badly reduced by drought exposures, 
and 1944 was a year of floods that 
drowned out muskrats and their habi- 
tats alike, but I doubt that these emer- 
gencies fully explain the depressed rates 
of gain. Among other things, the fall of 
1944 was known to have had locally 
annihilative epizootics, and the extreme 
spottiness in distribution of muskrats in 
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good habitats in 1940 and 1941 sug- 
gested that similar epizootics may have 
taken place, though not clearly detected 
at the time (Errington, 1943: 831, 
footnote 20). 

In Fig. 2, the Round Lake data, con- 
sidered separately, have fewer variables 
than do the combined data from Round 
Lake and neighboring Mud Lake. The 
most interesting data point is for 1936, 
because Round Lake was not seriously 
affected as muskrat habitat by the 
drought of that year, yet both the fall 
population and the season’s rate of gain 
were decidedly depressed, coincident 
with the chronological ‘‘eyclic low.” 
The depressed data points for 1939 were 
associated with fall drought losses; for 
1941, with habitat deterioration perhaps 
in combination with inefficient mating 
in a low-density population. I do not 
know whether the 1937 data points for 
tound Lake may suggest a continuation 
of the “cyclic low” or not. For the com- 
bined areas, the points do line up along 
what look like “normal” (1933-34) and 
“eyclie low’ (1936-37) bases, with the 
somewhat depressed points for 1935 
being identified with some loss of habi- 
tat at Mud Lake. 

Fig. 3 reflects such an array of vari- 
ables from drought exposures, deteriora- 
tion and rejuvenation of habitats, epi- 
zootic disease, underpopulations, and 
local population shifts that 1942 and 
1943 are about the only years that may 
really be called ‘‘normal” for the areas 
involved. 

Central Marsh of the Cheever Lake 
series (Fig. 4) remained essentially stable 
habitat except during the drought year 
of 1940. It had big ingresses of musk- 
rats from surrounding marshes during 
the dry falls of 1939, 1945, and 1947, 


but an egress to the more attractive sur- 
rounding marshes occurred during the 
wet year of 1944. There were probable 
underpopulation phenomena in 1941. 
In 1949, the marsh became almost de- 
populated, evidently through disease. 
The depressed points for 1946 are sug- 
gestive of ‘‘eyclic’”’ influence but, un- 
fortunately, are based upon _ inferior 
numerical data. 


I can see nothing in the data on Wall 
Lake populations and spring-to-fall gains 
(Fig. 5) to suggest “‘cyclic” influence of 
the sorts we have been looking for. The 
fortunes of the muskrats of that marsh 
have appeared to be chiefly a matter of 
the fortunes of the habitat. For the 
1939-42 period, only a small part— 
some 34 acres out of 935 acres—was 
habitable and occupied by muskrats, 
and the first three years of this period 
had droughts of varying severity. For 
1943, 1949, and 1950, the amounts of 
habitat available to muskrats were 
roughly comparable, and the rates of 
gain lined up as if responding to a simi- 
lar base; the same generalizations apply 
for 1948 and 1952 and to the full (or 
near) capacity years 1944-47. Only 1951 
failed to line up in an expected manner, 
despite very favorable habitat and the 
chronological ‘“‘eycliec high.’”’ Undoubt- 
edly, the high rates of gain for 1943 and 
1944 were partly due to ingress from 
surrounding areas. 


Fig. 6 depicts the patterns of response 
to density that became discernible when 
data from all 25 square miles of regu- 
larly observed areas in central lowa— 
brooks and field ponds to rivers and 
marshes—were treated collectively. Lo- 
cally, the status of the muskrats dif- 
fered tremendously, sometimes showing 
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definite trends and sometimes not, but, 
over the 25 square miles considered as a 
single land unit, the data points seemed 
to line up according to two bases. The 
connected points for the 1941-1952- 
1942-1943 series are about where one 
would expect them to be in view of the 
over-all favorable condition of muskrat 
habitats in central Iowa. For 1951, when 
habitats were also in very good condition 
for muskrats, rate of gain in relation to 
density was as inexplicably depressed 
for central Iowa as for Wall Lake (Fig. 
5) and for Iowa as a whole (Fig. 1). The 
1945-1947—1950-1949-1948 alignments, 
for years of rather uniform restriction of 
habitats because of summer and fall 
droughts, look as if they represent the 
same type of population responses as do 
the 1941-1952-1942-1943 series except 
from a changed base. The depressed 
gain for 1944 accompanied a year of 
high water crises. And the exceptional 
rate of gain shown for 1946 was a result 
of muskrats happening to pour by hun- 
dreds into two of the study areas at a 
time when they were abandoning the 
regular habitats of the surrounding 
countryside — without visible reason 
though in chronological agreement with 
the “cyclic low”’! 

From Figs. 1 to 6, it may then be 
judged that there are seasons and years 
when depressed rates of gain in relation 
to muskrat densities do line up with no 
recognized factor other than chrono- 
logical ‘‘eyclic lows’ and that such de- 
pressions may be regarded as among the 
possible manifestations of ‘cyclic’ in- 
fluence. We should be able to do this 
without forgetting that depressed rates 
may occur from other causes and that 
chronological ‘‘eyclic lows’? may not 
always bring depressions. 


~ 
( 


yt 


“Cyciic’’ SYNCHRONIES IN MUSKRAT 
REPRODUCTION 

Prior to 1939, the only data gathered 
on litter sizes of Iowa muskrats were 
from litters known to have been com- 
plete when handled shortly after birth 
and from counts of embryos carried by 
pregnant females. In the early Forties, 
satisfactory methods of studying pla- 
cental scars were worked out, and in- 
creasing reliance was placed thereafter 
upon counting litters from traces visible 
in uteri of fall-trapped females that had 
conceived during late spring and sum- 
mer months of the same year. Despite 
substantial technical pitfalls to guard 
against in recording counts both of 
young in nests and of placental scars, 
these counts, carefully made, have com- 
pared well in accuracy with embryo 
counts that are so much harder to get 
on the Iowa areas; and data from all 
three sources are lumped for treatment 
in this paper. 

It was not until late in 1947 that I 
noticed that a pattern was shaping up 
in changes in average sizes of litters 
conceived and born. Now, after the 
necessary plotting of frequencies, ap- 
praisals of depressive effects of local 
over-crowding, inferior food resources, 
and some other minor variables upon 
reproductive performance, ete., the an- 
nual changes still look as if they must 
reflect something special. 

Our records show a mean of 7.6 young 
for 2,171 litters conceived by fully adult 
muskrats on the Iowa study areas, 1935 
52. When the figures at hand are divided 
according to years or groups of years, 
their conformities to the general periods 
of increase or decrease of our regional 
populations of snowshoe hares and 
ruffed grouse may readily be seen. 
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For the 1935-37 period centering 
about the first low of the ‘10-year cycle”’ 
of hares and grouse in the chronology 
of our lowa investigations, 128 muskrat 
litters averaged 6.6 young. Then, for 
the 1938-40 period of the intermediate 
stage of the “10-year cycle,” or what 
might be called the “transition up- 
grade,”’ 133 muskrat litters averaged 7.1 
young. For the 1941-42 “eyclie high,” 
126 litters averaged 8.3 young. The 
1943-44 period may be classed as the 
intermediate or “transition downgrade” 
for hares and grouse (although 1943 was 
lowa’s peak muskrat year in recent 
decades), and, for this period, 662 litters 
averaged 7.4 young. For the 1945-47 
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“transition upgrade,”’ 402 litters aver- 
aged 7.8 young. Finally, for the 1951-52 
“eyelie high,’’ 521 litters averaged 8.1 


young. 
Of the data accruing from our Iowa 
muskrat studies, the litter data are 


among those most amenable to statisti- 
al testing.* In lower Fig. 7, frequency 
percentages in litter sizes are plotted 
according to ‘cyclic’ year-groups; in 
the upper part are means for each year 


27] am very appreciative of the statistical 
help that I have received on the Iowa State 
College campus throughout the muskrat in- 
vestigations and am glad to acknowledge here 
my long-term indebtedness to Professors G. W. 
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and for each year-group, together with 
the 95 per cent confidence intervals 
calculated for these means. The latter 
limits signify, in short, that we are 95 
per cent confident that the interval given 
for each year or year-group includes the 
true mean. It can be seen that the values 
usually fall well below or above the 7.6 
mean for the total of 2,171 litters for 
adult females, except for a couple of the 
poorer samples and for certain inter- 
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mediate years in the “‘cyclic”’ oscillation. 
Since, in most years, sample sizes were 
quite large, a fairly high degree of pre- 
cision was obtained in estimating the 
true means, even though the finite 
population correction factor (Cochran, 
1953: 17) was ignored. Actually, nearly 
a fourth of the litters conceived on the 
study areas yielded size data, and, if the 
finite population correction factor had 
been taken into account, the confidence 


TABLE 1.—SuUMMARIZATION OF CERTAIN REPRODUCTIVE Data on Iowa Muskrats, 1941-52 





Mean number 
of litters 
conceived 
per adult 

female 
in samples 
Year during year 





1941 2.37 for 
30 females 








Number of 


adult females 


in samples 
conceiving 
during year 
27 or 


90% of 30 


Mean size 
of litters 


Number of 


adult females 


Number of 
young females 
conceiving a 
litter of 





conceived conceiving young during 
per adult four or more the year of 
female litters their own 
during year during year birth 
8.19 for 5 or 1 or 


53 litters 


17% of 30 


0.8% of 119 


Number of 
litters born 
later in 
summer than 
the middle 
of July 


Number of 
“kits” (late 
born young) 
among samples 
of young-of- 
the-year alive 
by late fall or 
early winter 





10 or 
14% of 73 


l or 
0.4% of 273 





1942 2.63 for 
27 females 


24 or 
89% of 27 


8.41 for 
73 litters 


8 or 
30% of 27 


2 or 
1.2% of 164 


24 or 
30% of 79 


44 or 
12% of 377 





1943 2.27 for 
129 females 


117 or 
91% of 129 


7.91 for 
295 litters 


20 or 
16% of 129 


lor 
0.2% of 505 


65 or 


18% of 368 


71 or 
6% of 1265 





1944 2.45 for 
150 females 





1945 2.35 for 
108 females 








141 or 
94% of 150 





42 or 
89% of 47 





6.95 for 
367 litters 


18 or 
12% of 150 


0 of 627 


56 or 


13% of 438 





6.91 or 
108 litters 





) 
5% of 46 


0 of 222 


About 53 or 
5% of 1058 





13 or 
11% of 117 


17 or 
5% of 319 














1946 2.52 for 26 or 6 40 for 5 or 0 of 175 12 or 9 or 

27 females 93% of 28 65 litters 19% of 27 17% of 71 2% of 383 
1947 2.44 for 26 or 7.73 for 5 or 0 of 49 21 or 4 or 

18 females 96% of 27 26 litters 28% of 18 19% of 111 3% of 138 
1948 2.39 for 34 or 7.30 for 5 or 1 or 14 or lor 


38 females 


90% of 38 


92 litters 


13% of 38 


0.7% of 143 


15% of 91 


0.3% of 315 








1949 2.26 for 30 or 8.09 for 8 or 0 of 135 17 or 35 or 
35 females 81% of 37 86 litters 23% of 35 24% of 71 9% of 387 
1950 2.34 for 71 or 7.95 for 28 or 23 or 60 or 125 or 


90 females 


79% of 90 


224 litters 


31% of 90 


5.3% of 436 


28% of 211 


13% of 953 





1951 2.95 for 
102 females 


93 or 
90% of 103 


8.17 for 
322 litters 


46 or 
45% of 102 


18 or 
3.1% of 590 


119 or 
37% of 319 


214 or 
13% of 1645 





1952 2.99 for 
59 females 


59 or 
97% of 61 


8.01 for 
199 litters 


21 or 
36% of 59 


8 or 
2.0% of 405 


70 or 
37% of 190 


69 or 
7% of 1020 








Means 2.49 for 
for 813 females 
1941-1952 


90% 
(690 of 767) 


7.68 for 
1,910 litters 


23% 


(176 of 751) 


1.5% 
(54 of 3,570) 


22% 


(481 of 2,139) 


8% 
(643 of 8,133) 
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limits would have been somewhat 
shortened. 


Table 1 summarizes several categories 
of reproductive data for the 1941-52 
period, for which we have the most 
nearly complete and comparable records 
for the Iowa study areas. These same 
data are plotted in Fig. 8 with reference 
to “eyelic’”’ year-groups and to popula- 
tion changes during breeding seasons on 
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Fic. 8. Changes in reproductive performances of muskrats on Iowa study areas, 1941-52. 
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1951). Whenever early-season breeding 
in Iowa was successful to the point of 
quickly filling a habitat to capacity with 
muskrats, breeding tended to stop early, 
with a higher proportion of two-litter 
females resulting; and, conversely, when- 
ever early breeding was relatively un- 
successful, or habitat underpopulated, 
the breeding season tended to be pro- 
longed, with the result of more females 
having four or even-——in very rare cases 
—five litters. The proportions of adult 
females passing through a breeding sea- 
son without conceiving were chiefly de- 
pendent upon inefficiencies in mating 
among individuals living in _ relative 
isolation. There was, however, some 
evidence that muskrats had greater re- 
productive resilience during some years 
than others; stream-dwelling muskrats 
were subject to similar losses of early- 
born young through floods in 1942 and 
1944, but late breeding in 1944 did not 
compensate for these losses anywhere 
nearly to the extent that it did in 1942. 
In 1946, at the chronological “bottom 
of the cycle,” muskrats living at mod- 
erate densities had the advantage of 
excellent climatic and environmental 
conditions—in fact, except for 1950-51, 
the best conditions experienced by our 
muskrats, generally, during the entire 
1941-52 period—yet their breeding per- 
formance was nothing outstanding. If 
we go farther back than the 1941-42 
period, to 1936, we find that 51 adult 
females for which breeding fortunes 
could be individually followed at Round 
Lake, then the principal area for in- 
tensive studies, averaged slightly less 
than two litters each, with only two 
being four-litter females; and, as this 
local population happened to have been 
little affected by the great drought of 


that year, its poor breeding looks like 
one more manifestation of the ‘cyclic 
low” of that time. 

Apart from population changes and 
changes in mean size of litters, the re- 
productive data appearing to have a 
close connection with “cyclic” phases 
are those on precocious breeding by 
young females. 

We have recorded for the full 1935-52 
period approximate birth dates for sam- 
ples totaling 2,542 Iowa litters, all born 
from late March through September. 
Births in October or later did occur but 
with obvious rarity in our region, and 
no instances have shown up in our 
routine sampling. The birth of a litter 
by a female during her own birth year 
meant conception at ages of from three 
to five months, in contrast with the 
usual first matings and conceptions at 
around 8 to 11 months, in the calendar 
years following the years of the mothers’ 
own births. 

Of 4,143 young Iowa females the uteri 
of which were examined in November 
and December of their own years of 
birth, 54 or 1.3 per cent had conceived 
single, small (averaging 5.3 young) lit- 
ters datable to late July, August, or 
September. Of 261 young females from 
the years 1936-38, all were clearly un- 
bred during their birth years, as was also 
true for 1,073 young females from 1944 
47, the other years coming nearest to 
“eyclic lows’ of hares and grouse. It 
should be kept in mind that, although 
late breeding by bona fide adults may 
well have been damped considerably 
during both of the chronological “cyclic 
lows,” these adults were still giving 
birth to many late young. 

No precocious breeders were found 
among 312 young females from the 
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intermediate years, 1939-40, but dry 
late summers stopped practically all ate 
breeding, whether by adult or young 
animals. On the other hand, for 1948- 
50, years of more or less favorable late- 
season breeding conditions, 24 or 3.4 per 
cent of 714 females conceived young 
during their birth years. The preponder- 
ance of this precocious breeding—23 
instances or 5.3 per cent among 436 
specimens—occurred in 1950, in what is 
judged to have been the beginning of the 
second “cyclic high.’”’ The finding of 
only four or 0.5 per cent that evidently 
were precocious breeders among the 788 
young females examined, 1941-43, the 
years including the first chronological 
“eyelie high” of our studies, is attribut- 
able to the fact that the majority of our 
specimens of young animals came from 
populations that had been sufficiently 
to discourage late breeding 
a well-known density 
52, the chronological 


crowded 
rather generally 
effect. For 1951 
“evelic high,” 26 or 2.6 per cent of 995 
young females showed precocious breed- 
ing, with a lower, proportion (eight or 
2.0 per cent of 405) being in 1952. 


“Cycnic’? SYNCHRONIES IN MUSKRAT 
BEHAVIOR 


Among the major differences in be- 
havior of lowa muskrats that seem to 
line up with the ‘‘10-year cycle”’ of snow- 
shoe hares and ruffed grouse are those 
relating to: (1) toleration of crowding 
during breeding months, (2) post-breed- 
ing adjustments, and (3) toleration of 
environmental crises before abandoning 
home ranges to wander. Our treatment 
of these phenomena here must, of neces- 
sity, be restricted to brief summaries of 
evidence presented and discussed in my 
book manuscript on muskrat popula- 


tions. While appraisals of behavior must 
be in part subjective, we do have a sub- 
stantial amount of field data, of which 
some types fall conveniently into con- 
trasting extremes; and something can 
be learned, I think, from studying the 
year-groupings in which certain phe- 
nomena regularly have occurred and in 
which certain others regularly have not 
occurred over our two-decade period of 
study. 

With a few exceptions, our recorded 
data are sufficiently complete to permit 
mapping of territorial foci (the main 
lodges and burrow systems used as head- 
quarters by adult females during the 
breeding season) for each of our study 
areas, year after year. As a rule, the an- 
nual differences in territorial distribu- 
tion were much more pronounced on the 
marshes than on the usually more 
sparsely populated stream habitats. 

For comparable habitats, such as 
choicer cattail and bulrush marshes, 
maximum densities tolerated by terri- 
tory-holding adults levelled off at around 
the equivalents of two or three pairs per 
acre during both the chronological 
“eyelic lows” of 1936-37 and 1946-47, 
even when there were large numbers of 
homeless or poorly situated muskrats in 
the neighborhood. Yet, the same types 
of habitats had adult densities fre- 
quently exceeding five or six pairs per 
acre—sometimes approaching 10 pairs 
per acre—during 1941-43 and 1951-52. 
In other words, these muskrats tolerated 
breeding densities about three times as 
great during the high phases of hare and 
grouse fluctuations as during low phases. 
During the transition years between 
chronological “cyclic highs” and ‘cyclic 
lows,”’ toleration limits were less clearly 
defined, but maximum breeding densi- 
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ties then tolerated were at intermediate 
levels, though tending to be compara- 
tively high, as in the vicinity of five 
pairs per acre. The most abrupt changes 
seemed to come with the approach and 
passing of ‘‘cyclic lows.” 

Breeding season responses of adult 
muskrats to crowding varied from avoid- 
ance of other muskrats or withdrawals 
from areas of congestion to savage fight- 
ing among adults and attacks upon help- 
less young. Intraspecific frictions were 
commonplace accompaniments of situa- 
tions in which the muskrats acted as if 
they felt crowded, whether at densities 
of a pair per acre or at 8 to 10 pairs, but, 
from the standpoint of individual musk- 
rats, frictions looked no more intense at 
higher levels tolerated during chrono- 
logical “eyclic highs” than at lower 
levels of toleration during the “cyclic 
lows.”’ The most strife-ridden muskrats 
that I have ever studied under non- 
emergency conditions were those for 
1935-36 at Round Lake, where they 
lived at densities not exceeding three 
pairs (plus current young) per acre in 
the best cattail stands on the marsh. 

During the two ‘‘eyclie highs” of our 
lowa muskrat studies, much massing of 
territories was tolerated in those parts 
of the marsh having superior attractive- 
ness at the same times that the less 
attractive grades of habitat were often 
left unpopulated, whereas, during the 
two “cyclic lows,” the distribution of 
breeding territories tended to be uniform 
throughout good and poor habitat. 

An example from the ease history of 
Wall Lake may suffice to illustrate these 
changes in toleration shown by muskrats 
toward their own kind. The fall popula- 
tions figured out at very close to 9,000 
muskrats for both the falls of 1945 and 


1946, and, in both falls and winters fol- 
lowing, muskrats were protected from 
overexploitation by trappers through 
the setting up of an official fur-refuge. 
The same tract—of which about 150 
acres gave effective protection to resi- 
dent muskrats—served as the refuge 
during both trapping seasons, and it 
wintered about 2,000 muskrats in 1945- 
46 and between 2,500 and 3,000 in 1946— 
47, with maximum densities in both 
winters exceeding 25 per acre in the best 
habitat. In the spring of 1946, some 
1,500 muskrats remained as_ breeding 
stock and most of these remained to 
breed on the refuge tract where they had 
wintered, there maintaining breeding 
densities as high as four or five pairs per 
acre over large blocks of habitat. Com- 
pared with the population remaining on 
the refuge, the overflow of breeding ani- 
mals into the trapped-out 785 acres of 
the rest of the marsh was of rather minor 
consequence. In the spring of 1947, the 
population that had wintered on the 150 
acres of effective refuge remained un- 
dispersed until mid-April; then, the 
muskrats distributed themselves over 
practically the entire marsh with almost 
explosive suddenness, and, within a few 
days the densities remaining to breed on 
the refuge were about the same (averag- 
ing about a pair per acre and seldom 
exceeding two pairs per acre in the most 
attractive local stands of vegetation) as 
those spreading into the remotest corners 
of the trapped-out marsh. 

Year-to-year differences in post-breed- 
ing adjustments require very careful 
appraisals. Any normal muskrat of any 
independent age may be expected to 
adjust in any way that it can to weather 
crises, population pressures, seasonal 
changes in food and water, ete., includ- 
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ing benign changes and those of gradual 
onset; and one of the ordinary responses 
an animal shows is to move when it 
wants to, short distances or long dis- 
tances. The criterion to look for here is 
not whether muskrats abandon their 
breeding territories or home ranges dur- 
ing or after the breeding months but 
how they do it; whether their abandon- 
ment is orderly and suggestive of intelli- 
gent action or whether abandonment 
means footloose and hazardous wander- 
ing, especially away from water courses 
or regular travel routes of muskrats. 
With the above distinction in mind, 
we may note three years—1936, 1945, 
and 1946—that were outstanding for the 
magnitude of cross-country drifting of 
muskrats that took place in summer and 
fall. Drought as well as the chronological 
“‘eyelic low” must be considered in the 
picture for 1936 and 1945, but, in central 
Iowa, 1946 was not only a year of food 
and water combinations about as favor- 
able as they are likely to be but also a 
year in which whole areas of countryside 
were virtually abandoned by muskrats 
in August and September. These move- 
ments were attended by conspicuous 
mortality on highways, appearance of 
animals in farm yards, in cities, and in a 
great variety of out-of-the-way places, 
and by ingress into certain bodies of 
water that ordinarily had self-contained 
if not isolated populations of muskrats 
at this season. The central bulrushes of 
Little Wall Lake, having very few true 
residents, then drew about 300 new- 
comers, and Goose Lake, which had 
been the site of an annihilative epizootic 
in mid-summer, drew about 100, the 
ingress averaging about one muskrat 
per acre for these two neighboring 
marshes. Nothing like this movement 


was observed during our studies in any 
other year. 


Only in 1951 did central lowa have 
both environmental conditions as visibly 
satisfactory for muskrats as in 1946 and 
fall populations of muskrats that were 
at all comparable (Fig. 6), but 1951, in 
the chronological ‘‘eyclic high,’ was a 
year of practically no footloose wander- 
ing on our observational areas. Nor was 
there so very much wandering in 1952, 
when fall populations were nearly twice 
as high as in 1946, water levels lowered 
by a rainless period of two and a half 
months in late summer and early fall, 
and some other evidence (see later dis- 
cussion) suggested a shift from the ‘‘cy- 
clic high”’ to the “transition downgrade.” 
Be the explanation “‘cyclic’”’ or otherwise, 
1946 was a year of singular postbreeding 
movements quite independent of drought 
variables. 


More evidence of something accentu- 
ating the wandering tendencies of the 
muskrats during the chronological ‘‘cy- 
clic lows” can be seen in case histories 
of 44 Iowa populations living in food- 
rich habitats during prolonged drought 
exposures. These populations are classi- 
fiable into two groups, according to the 
length of time that they persisted in 
their old home ranges before abandoning 
them—without any promising alterna- 
tives to attract them elsewhere—to 
wander in desperation over the country- 
side. One group (24 sample populations) 
remained an average of about five weeks 
after disappearance of the surface water 
and the other group (20 samples) re- 
mained an average of about three 
months. Of the population group show- 
ing least tolerance, all except three of 24 
samples dated to years of “cyclic lows” 
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or impending “‘lows”’ (including 13 popu- 
lations in 1936). Of the more tolerant 
group, only four of 20 samples dated to 
years of or near ‘cyclic lows” (1936, 
1937, 1945, and 1947), and three of these 
four represented borderline cases, popu- 
lations remaining just a few weeks 
longer than populations of the less toler- 
ant group. On the whole, a well-fed 
muskrat population seemed able or dis- 
posed to endure drought exposure with- 
out leaving almost three times as long 
during the chronological ‘‘eyclic highs’”’ 
and intermediate phases as during the 
“cyclic lows.”” No such differences were 
noted in 23 populations trying to winter 
in dry habitats having superior food re- 
sources (four exposed populations were 
thus studied in 1936-37, two in 1937-38, 
six in 1939-40, two in 1940-41, one in 
1944-45, one in 1945-46, two in 1947- 
18, one in 1949-50, two in 1950-51, and 
two in 1952-53) ; the majority of animals 
usually held on to their accustomed 
home ranges as long as they could stay 
alive. 

The middle of fall, 1952, also was a 
time when many muskrats subject to, 
or threatened with, drought exposure 
showed little tenacity in retaining even 
food-rich habitats. At Goose Lake, of a 
mid-fall population figuring out at 1,255, 
nearly 150 were calculated to have aban- 
doned a total of 19 shallow-zone (but not 
quite dry) territories on one side of the 
marsh, to wander away across adjacent 
farmlands or to intrude, as unwelcome 
strangers, into places already having 
plenty of ‘“property-conscious”’  resi- 
dents. Twenty-four or 8.5 per cent of 
282 pelts taken in November from the 
most peaceful part of the marsh were 
graded down by the fur-buyer because 
of recent fight wounds—a very high rate 


of this kind of pelt damage under the 
circumstances. 

These frantic-appearing adjustments 
after mid-fall, 1952—a time of no really 
great drought crises on the study areas, 
despite a long rainless period—comprise 
part of the evidence that a shift from the 
“eyclic high” to the “transition down- 
grade”? may have occurred during the 
second half of the year. The observed 
slackening of precocious breeding and 
the drop in percentage of kits in young- 
of-the-year alive by fall (Table 1 and 
Fig. 8) may have been further manifesta- 
tions of such a shift, although the pos- 
sible effects of the big increase in popu- 
lation density of central Iowa muskrats 
(Figs. 5 and 6) may not easily be ruled 
out. What seems to me, however, the 
most convineing indication of a shift is 
in syndromes of epizootic disease next 
to be discussed. 


“Cyciic” SYNCHRONIES IN DISEASE 
SYNDROMES 

The concept of epizootic disease being 
the mechanism of ‘‘eyclic’’ crashes has 
been advanced by numerous authors, 
and the hypotheses pertaining thereto 
have taken numerous forms, including 
Seton’s (1929: 713) famous opinion that 
the snowshoe hare die-offs of the North 
American wildernesses were due to many 
diseases sweeping through crowded pop- 
ulations simultaneously. Views have 
been expressed also as to possible 
changes in virulence of infectious agents 
or in resistance of host species to in- 
fections. 

In central lowa, we have had, be- 
tween the fall of 1943 and May, 1953, 
detailed experience with what can be a 
most lethal disease of muskrats—a dis- 
xase of still undetermined etiology 
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though quite well known over much of 
the United States and Canada from its 
necrotic and hemorrhagic lesions and its 
impacts upon the fur industry. To date, 
the findings from our work on this hem- 
orrhagic disease are unpublished, except 
for a few references and summaries 
elsewhere (as in Errington, 1951). 

It was soon recognized from case his- 
tories of epizootics that annual differ- 
ences in numbers of muskrats dying 
would be unlikely to reflect “cyclic” 
changes with real fidelity. While geo- 
graphically wide-spread (possibly oc- 
curring in most regions if not in most 
localities occupied by muskrats over our 
continent), the disease is far from pan- 
demic in terms of occupied muskrat 
habitat, year after year. No animal is 
going to succumb to an infectious disease 
that it does not have an opportunity to 
contract, irrespective of how susceptible 
it may be; and opportunities of musk- 
rats to contract this particular disease 
depend largely upon where they happen 
to be living with reference either to in- 
fected muskrats or to semi-permanent 
foci of infection existing in the mud or 
at sites of old muskrat retreats. In cen- 
tral lowa, epizootics of the hemorrhagic 
disease typically start up from the same 
notorious old ‘‘hotspots’’ from which 
previous epizootics have started, and, 
once in progress, they typically spread 
wherever local groups of muskrats are 
sufficiently contiguous to promote easy 
transmission. 

Considering the other evidence as to 


changing physiological states of the cen- 
tral lowa muskrats, if anything about 
their hemorrhagic disease might be in 
synchrony with hare and grouse fluctua- 
tions, one could expect it to be in 
changes in individual resistance to the 


disease, rather than in changes in num- 
bers of the animals or in proportions of 
populations contracting it and dying. 
That, moreover, is pretty clearly the 
way the data line up. 

Of the total of about 7,000 muskrats 
(excepting suckling young) dying on our 
study areas from the hemorrhagic dis- 
ease during the 1943-53 period, 509 were 
obtained in passable to excellent condi- 
tion for postmortem examination, and 
the extent and types of their gross lesions 
were recorded. 

Nine major syndromes or combina- 
tions of syndromes were distinguished 
among the 509 posted specimens, of 
which one syndrome—that of acute lung 
hemorrhages or pneumonitis—showed 
up independently of any perceptible 
“cyclic” synchrony. Seemingly irrespec- 
tive of year or season of year, pneumo- 
nitis victims did not have any recog- 
nized chance of staying alive long after 
hemorrhaging gained headway, and local 
epizootics dominated by this syndrome 
occurred irregularly during chronological 
“eyelic highs” as well as during “cyclic 
lows” and intervening year-groups. In 
our further exploration of the syndromes 
in relation to possible ‘“‘cyclic’”’ changes, 
we should then ignore 49 specimens 
having lesions confined to or heavily 
localized in the lungs, because of the 
probability that the course of the disease 
in these reflected accidental sites of in- 
fection and the normal sensitivity of 
lung tissue more than real physiological 
differences in disease resistance. (The 
other eight major syndromes and syn- 
drome combinations were not always 
free from lung hemorrhages but in these 
cases the latter appeared to be neither 
the dominant lesions nor a rapid-acting 
cause of death.) 
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The lesions of the remaining 460 
posted specimens were mainly necrotic 
foci in the liver (occasionally in the 
spleen) and intestinal hemorrhages (es- 
pecially in cecum and rectum), and, 
while a thorough discussion would seem 
to be out of place in this paper, it may 
be said that they suggested reasonably 
well the length of time that a victim 
was able to stay alive after contracting 
the disease. The caseous liver lesions— 
their presence or absence in relation to 
bloody hemorrhages, their numbers and 
size, their aspects of healing or activity, 
the volume of liver tissue that they dis- 
placed, and the evidences that they 
might show of former infections—pro- 
vided about the most revealing “‘sign’’ 
to be read from postmortems.’ In- 
terpreted as general criteria of disease 
resistance, the data on lesions recorded 
for the 460 posted specimens dying from 
other than the pneumonic syndrome 
may be condensed into three categories: 
of inferior, intermediate, and superior 
resistance. 

At this point, I may say that I have 
conscientiously thought over the alter- 
nate possibility that syndrome changes 
may reflect changes in virulence of the 
infectious agent instead of changes in 
resistance of muskrats. It is plain from 
the literature on bacteriology and virol- 
ogy that changes in virulence do occur, 


-and I would not contend that there 


never can be changes in virulence of the 
causative agency of hemorrhagic disease 
of muskrats. Nevertheless, I do not be- 
lieve that changes in virulence underlie 


3In connection with my efforts to appraise 
the significance of lesion syndromes, I have 
had very helpful advice from Dr. E. A. Ben- 
brook, Head of the Department of Veterinary 
Pathology at Iowa State College. 


the phenomena observed in the Iowa 
material. Only the postulated changes 
in resistance seem to me to make much 
sense when regarded from the perspec- 
tive of the synchronized changes in re- 
production and behavior that have al- 
ready been taken up. The changes 
ascribed to resistance that are plotted 
in Fig. 9 line up too well with the re- 
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Fic. 9. Changes in major categories of resist- 
ance of muskrats to hemorrhagic disease as 
calculated from syndrome changes. 


productive and behavior changes to be 
discounted or explained in terms of 
virulence changes. 

The broad category of intermediate 
resistance—to which was assigned over 
three-fifths of the specimen material ex- 
amined during the first year of intensive 
study of the hemorrhagic disease, the 
fall of 1943 through the summer of 1944 
—includes the animals dying in about a 
week or eight or nine days after signifi- 
cant exposure to the disease. The lesions 
were rather moderate liver necrosis and 
intestinal hemorrhaging, together with 
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variable amounts of hemorrhaging in 
lungs, kidneys, and other viscera. 
Inferior pronounced 
from the fall of 1944 through the spring 
of 1948, was usually manifested in non- 


resistance, so 


pheumonic cases by the victims dying 
of intestinal hemorrhages before liver 
lesions had much if any chance to de- 
velop. Some individuals (especially the 
young) placed in this category died 
without any recognized gross lesions, 
though they were members of popula- 
tion groups collapsing with spectacular 
suddenness and completeness with the 
onset of epizootics. According to our best 
evidence, these victims stayed alive only 
a few days after exposure. Our most 
extreme cases were chronologically cen- 
tered in the period between late sum- 
mer, 1946, and mid-spring, 1947; and, 
at this time, a typical victim showed no 
liver nor other gross lesions except hem- 
orrhages that left the cecum a purplish 
mass of blood or the rectum with the 
appearance of that of an animal having 
bled to death through the anus. 
Superior resistance in animals that 
finally die is almost characterized by 
voluminous liver necrosis and absence 
or fewness of visceral hemorrhages. 
Many relatively big necrotic foci (up to 
2 or 3 mm. in diameter) may be visible. 
Mixed with these may be small foci in 
early stages or some that are being 
resorbed, to disappear in spots like pock 
marks. foci may have reddish 
rings of inflamation, and others may be 


Some 


sites of secondary activity of Aerobacter 
aerogenes or other pus-formers, enlarging 
into abscesses. As much as a quarter of 
the volume of the liver may be necrotic 
from the hemorrhagic disease in cases 
of prolonged duration or those in which 
the victims evidently had had repeated 


attacks. We have good field evidence 
that resistant victims may stay alive for 
a month or more before dying and that, 
at times of general high resistance, very 
large proportions of the muskrats con- 
tracting the hemorrhagic disease may 
recover—unless they get it in the lungs. 

Fig. 9 shows, for the period of fall, 
1948 through spring of 1950, an in- 
creased importance of the superior and 
intermediate categories of resistance. 
The syndrome picture had its resem- 
blanees to that of 1943, but reflecting, 
as interpreted, the ability of somewhat 
more of the infected animals to stay 
alive somewhat longer. 

Then, came a period of astounding 
general resistance, beginning some time 
before mid-year, 1950, and continuing 
until some time after mid-year, 1952. 
Almost no muskrats were dying any 
more from non-pneumonic syndromes 
except occasionally at deadly ‘‘hot- 
spots,” where occupants were presum- 
ably exposed to repeated massive infec- 
tions. This was observed in widely 
separated habitats, in habitats having 
the more sedentary muskrat popula- 
tions (well brought out by tagging re- 
sults) and lying outside of the routes of 
travel of what muskrats were moving, 
in populations that had had much recent 
experience with the disease, and in popu- 
lations that had been all but free of the 
hemorrhagic disease for years. At Wall 
Lake, probably the majority of the 
muskrats contracted the disease in the 
falls of 1950 and 1951, yet hardly any 
died of it; at Goose Lake, hardly any 
contracted it, but, in the old “hotspots’’ 
of that marsh, the lesion syndromes of 
the animals that either died or recovered 
from infections were the same as at 
Wall Lake. Pneumonic-syndrome epi- 
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zootics might start up at the same fa- 
miliar ‘‘hotspots’’ where the animals 
were showing high resistance to the 
other syndromes—starting there and 
nowhere else on the study areas—and 
these might, in a week or so, depopulate 
a tract of just about all muskrats in the 
lines of spread of the contagion; yet, 
when the pneumonic epizootics sub- 
sided, and newcomers refilled the disease- 
vacant habitats, there would be a little 
dying now and then, and the livers of 
the victims would be plastered with 
lesions, as before, demonstrating anew 
that the muskrats were still highly re- 
sistant to the disease if they did not get 
it in their lungs. 

Another great change came some time 
after mid-year, 1952, and, once again, 
our muskrat populations responded to 
infections of the hemorrhagic disease 
mainly by dying, with lesion syndromes 
reminiscent of those described in the 
field notes of 1943 and 1944. And now, 
as I work to finish the manuscript of 
this paper in October, 1953, as new fall 
epizootics are starting from the old 
“hotspots,” the lesion syndromes con- 
tinue to indicate the same types of in- 
ferior and intermediate resistance of a 
decade ago. 


DIscUssION AND CONCLUSION: 
Or RANDOMNESS, SYNCHRONIES, 
AND UNKNOWNS 

Palmgren (1949) and Cole (1951, 1954) 
have discussed random series of num- 
bers that fall in patterns similar to those 
of some fluctuations of animals. For one 
as doubtful of the validity of most popu- 
lation fluctuations as “cyclic” criteria 
as I have become (Errington, 1945, 1946, 
1951), their writings naturally leave me 
with heightened distrust of conventional 


methods of exploring ‘‘cyclic’’ possibili- 
ties in wild populations. 

There surely can be randomness in 
fluctuations of animals, and what have 
the appearance of cyclic designs may 
show up in many places where one would 
have no reason to expect cycles to be 
operating. I have seen on window panes 
significant-looking frosting that resem- 
bled the plotted fluctuations in annual 
fur-take of the Hudson’s Bay Company 
or impurity lines in polished marble 
blocks that might have depicted the 
same sort of fluctuations for a thousand 
years! 

In my opinion, Dr. Cole’s paper in 
the present issue of the JOURNAL OF 
WitpLireE MANAGEMENT should be a 
wholesome stimulus to critical thinking 
and to clearer definition of objectives in 
cycle research. It should help better to 
impress upon us the distinctions be- 
tween what we have, what we need, and 
what we are likely to get in the way of 
pertinent data; it should help us better 
to distinguish between commonplace, 
cause-and-effect explanations for what 
we may see and the possibilities of some- 
thing operating that may not be so 
readily explainable; and, without dis- 
couraging search for truth along any 
promising avenues of investigation, it 
should, at least, narrow the fields that 
would seem to be most profitably worked 
over in studies of population cycles and 
related phenomena. 

So far as the Iowa muskrat data in 
my possession are concerned, I would 
say that straining to prove or to dis- 
prove their connections with the fluctua- 
tions of “North Woods” hares and 
grouse by concentrating on mere parades 
of numbers has scant prospect of getting 
anywhere unless it be farther toward 
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analytical chaos. But, emphasis trans- 
ferred from changes in numbers of musk- 
rats to the synchronies in population 
symptoms that are not necessarily tied 
up with gross fluctuations of the musk- 
rats seems to me most rewarding. At 
any rate, from the modest start we have 
thus made, we are entitled to say that 
the newer evidence as to “cyclic” 
changes or synchronies in muskrat 
physiology and psychology is worth 
considering. 

Of population fluctuations of north- 
central animals, those of snowshoe hares 
and ruffed grouse may logically be sus- 
pected of reflecting extramundane in- 
fluence if any may be—though it is 
apparent (Grange, 1949) that some of 
the more ordinary of environmental and 
climatic factors are important in the life 
equations of hares and grouse, as well. 
Of the known year-to-year fluctuations 
of animal life in this region with which 
the Iowa muskrat data here treated 
show synchronies, none would seem to 
be more indicative of a common denomi- 
nator than the fluctuations of hares and 
grouse. I do not know what such a com- 
mon denominator might be, whether it 
be labelled cosmic, astronomical, solar, 
extramundane, or something else. 

I do not see how environmental or 
climatic changes, as usually defined or 
interpreted, can explain the synchronous 
decreases or increases in populations of 
hares and grouse of northern Minnesota 
and Wisconsin and the decreases or in- 
creases in litter sizes of central Iowa 
muskrats, nor why a series of peak years 
for hares and grouse should be the years 
during which young Iowa muskrats were 
found to be breeding during the calendar 
years of birth. Nor why peak years of 
hares and grouse should be the only ones 


during which any substantial propor- 
tions of central Iowa muskrats were 
known to recover from infections of the 
hemorrhagic disease, nor why the ap- 
parent resistance of central Iowa musk- 
rats collapsed about the time that hares 
and grouse went into their declines 
hundreds of miles away. 

And, among the population symptoms 
on which it has been more difficult to 
obtain quantitative data (but which 
have been prominent enough to deserve 
attention), we have Iowa muskrats ad- 
justing to drought exposures, maintain- 
ing themselves in definite home ranges, 
tolerating crowding and trespasses on 
the part of neighboring muskrats, and 
living what could be called much more 
normal and peaceful and secure lives 
during the upgrade and peak years of 
hares and grouse. During the downgrade 
and low years of hares and grouse, Iowa 
muskrats behaved as if highly restless 
and irritable and living under a decided, 
if not wholly definable, handicap. 

How could it be, for example, that ex- 
ceptionally well-situated central Iowa 
muskrat populations of late summer and 
fall, 1946, engaged in spectacularly 
footloose wandering without visible in- 
centive as the ‘‘North Woods’ hares 
and grouse reached their “cyclic low,”’ 
whereas, at more favorable ‘‘cyclic”’ 
stages, the muskrats at similar or sub- 
stantially greater densities engaged in 
practically no footloose wandering, at 
times even despite drought exposures? 
Or that, in spring of 1947, the Wall Lake 
muskrats were so intolerant of crowding 
as to distribute themselves with notable 
uniformity at densities of about a pair 
per acre, throughout poor and excellent 
habitat, alike—and on Wall Lake and 
comparable marshes during the “cyclic 
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high” of 1951-52, breeding populations 
congregated in the choicer habitats at 
densities up to 10 pairs per acre, at the 
same time that adjacent habitats having 
less attractiveness were almost or wholly 
unpopulated by muskrats? 

I do not believe that these alignments 
are due to chance. If we had only one 
set of data that so lined up, I would not 
feel so confident about this, but, when 
several whole categories synchronize as 
well as they do over the period of study, 
the probabilities of chance being the 
explanation become sufficiently remote 
to encourage looking for something else. 
If we were to leave hare and grouse 
fluctuations completely out of our caleu- 
lations, we would still have far too much 
of a residuum of synchronies in the Iowa 
muskrat data to dismiss on grounds of 
randomness. Surely, several of these 
phenomena must be tied up together, 
whether occurring with true periodicity 
or not. 

Admittedly, we are not as yet in a 
favorable position to draw more than 
tentative conclusions from the psycho- 
physiological patterns brought out by 
the muskrat studies. To a large extent, 
the population symptoms appear to re- 
flect changes in degree. There may not 
often be much of anything that we see 
during the “cyclic lows” that may not 
be seen somewhere, at some time, during 
the other years, but during the ‘‘cyclic 
lows,” certain of the symptoms look 
more prevalent and more accentuated. 

For many years, I was most unre- 
ceptive to ideas that extramundane in- 
fluences could be behind any of the 
“eyelic’’ changes in vertebrate popula- 
tions, but our own data have gradually 
led me into a virtual reversal of my 
former view. At present, I do not see 


what the synchronized phenomena could 
reflect other than something affecting 
life processes of many species on at least 
a regional scale, and, if that something 
is not extramundane—whether explain- 
able in terms of ultraviolet variations or 
otherwise (Rowan, 1950; Shelford, 1951) 
—I am unable to suggest what it might 
be. With too much happening contem- 
poraneously to be due wholly to chance 
and with too muck of the recorded evi- 
dence dating back to years when any 
personal bias I could have had was in 
the opposite direction from my later 
conclusions, I think that it behooves us 
to regard the ‘‘eyclic’’ synchronies as 
being largely reality, and to try to go 
on from there. 
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This paper is an attempt to search for 
population indices which lend them- 
selves to the objective identification of 
a 9- to 10-year cycle . . . and to apply 
the criteria of Cole (1951, 1954) in this 
process. 

It can be said of research on cycles 
that ecologists rush in where mathe- 
maticians fear to tread. In the last 25 
years, ecologists have concentrated their 
ittention on the search for extrinsi¢e or 
This concentration 
has recently been broken by Palmgren’s 
(1949) postulate that the short-term (3- 
to 4-year) cycle of northern animals is 


intrinsic controls. 


largely explainable as the compound re- 
sult of (a) random variation of environ- 
mental factors and (b) the influence of 
population density of the preceding year 
(autoregression, serial correlation). Al- 
though Palmgren refrained from apply- 
ing this principle to North American 
animals like the lynx (Lynx canadensis) 
and varying hare (Lepus americanus), 
Cole (op. cit.) has now done so in two 
highly important papers on the intel- 
lectual traps inherent in time-series data 
which appear to yield a 9- to 10-year 
cycle. The fresh objective criteria and 
new analytical techniques thus devel- 
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oped have been applied by Cole to two 
examples of the 10-year fur and game 
cycle in North America, A re-examina- 
tion of these and an application of his 
mean-interval test to other population 
indices seem to me to have great im- 
mediacy, and I would like to attempt 
it in this review. 

TERMS AND ASSUMPTIONS. The term 
‘“neak”” throughout my paper covers 
peaks of all types and identified only as 
a number in a time series greater than 
the one previous and the one subsequent. 
‘Major peak”’ will identify those peaks 
singled out from low peaks by subjective 
criteria and usually alleged to be im- 
portant evidence that the population 
under study fluctuates in a 9- or 10-year 
cycle. For the sake of convenience, this 
eycle will be alluded to as the ‘10-year 
eycle.”” The term “arithmetical cycle”’ 
will be used to mean oscillations in a 
population index that could be produced 
by random fluctuations in the environ- 
ment. ‘“‘EKeological cycle’ will cover 
longer periodicities not yet explainable 
(as far as I know) by theories of random 
numbers. 

It would appear from Cole’s (1954) 
recent paper that a 2-point moving 
average safely approximates the maxi- 
mum serial correlation (carry-over ef- 
fect) usually present in a population 
index which varies at random. As Cole 
(cbid.) reports, the mean interval in a 
long random series of this type will 
average 4 years, but at the present time 
it is not possible to attach confidence 
limits to the expected mean in shorter 
series. Ten 2-point moving averages that 
I set up for 50-“year’ periods from a 
table of random numbers in Fisher and 
Yates (1948) exhibited mean intervals 
ranging from 3.6 to 4.6. These give a 


rough measure of the amount of varia- 
tion to be expected when potentially 
similar indices are encountered. At least 
in the series I have examined, the need 
for a sharp breaking point in the recog- 
nition of random fluctuation has seldom 
been necessary. Mean intervals of 8 
years seem to be completely outside the 
realm of ordinary probability and will 
here be taken as proof of an ecological 
cycle. A few cases where means ran 
6-7.5 years are also assumed to be indi- 
cative of nonrandom cycles, but the 
estimate of probability here is of course 
at a lower level and should be eventually 
computed. 
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POPULATION PHENOMENA AT THE 
CONTINENTAL LEVEL 
The word “‘cycle”’ is essentially a sum- 
marizing term used to describe popula- 
tion phenomena at one of three levels: 
a continent or a major portion of a given 
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species’ range, a fairly large region (like 
a province, a fur district or a state), and 
a loeality or small area lending itself to 
the actual tabulation of census data by 
one or more persons. It is perhaps re- 
grettable that this classification cannot 
be broken down on an ecological basis, 
but it does (I think) simplify the re- 
examination of data which ecologists 
have handled in their studies of the 
10-year cycle. 

HBC Petr Couuections. The near- 
est approach to continental statistics are 
those of the Hudson’s Bay Company 
and the totals for Canada compiled by 
the Dominion Bureau of Statistics. The 
frequency of all peaks, major as well as 
minor, in these indices is summarized for 
three species in Table 1. Measured by 
Cole’s mean-interval test, population 
the continental scale 


phenomena on 


TABLE 1. 
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present a varied picture: the lynx series 
appears to be an ecological cycle, the 
hare and the muskrat (Ondatra zibethica) 
do not. 

I have avoided using two other HBC 
series in Table 1 because they emanated 
during the period of the company’s 
growth and expansion (described by 
Elton and Nicholson 1942a: 235) when 
the geographic area covered by the fur 
returns varied considerably. (The HBC 
hare statistics for 1786-1825 have a 
mean interval of 4.0 years; those on 
lynx for 1735-1820, 5.4 years.) 

In re-examining these HBC data on 
rarying hares, it is of interest to deter- 
mine the criteria by which MacLulich 
(1937) obtained a 10-year cycle in ‘“‘the 
last years of great abundance before the 
decreases on the Hudson Bay water- 
shed”’ (1856, 1864, 1875, 1886, and 1895). 


INTERVALS BETWEEN ALL PEAKS IN SOME CONTINENTAL POPULATION INDICES 
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furs taken in Canada, compiled by Dominion Bureau of Statistics (from annual Year Books 
of the Bureau and from deVos and Matel 1952), the terminal years in fiscal periods being shown; 
3—Northern Department pelt collections of HBC (Elton and Nicholson 1942a and b); 4—Total 
HBC sales (Elton and Nicholson 1942b; 5—Percentage frequencies calculated for full serial 
correlation by Cole (1954). 
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Each of these years is a ‘dominant 
peak” in the sense of Cole (1954), that 
is, higher than the preceding and the 
subsequent peaks. In a random series 
covering 50 years, dominant peaks 
should average 13.6, according to Cole 
(ibid.) when no carry-over effect is pres- 
ent; with serial correlation the mean 
should be longer. MacLulich’s (op. cit.) 
mean interval in this 57-year series is, 
however, 9.8 years. 

It is my own belief that MacLulich’s 
identification of certain peaks was prob- 
ably influenced by the fact that each 
was followed by 3 successive years of 
decline. No other peaks meet this stand- 
ard, and the word “decreases” appears 
in his deseription of the years identified. 
The appearance of 3 successive years of 
decline in a random series is a situation 
which I am little prepared to compre- 
hend. Some light on the phenomenon 
appeared in a 2-point moving average 
which I once constructed from 49 num- 
bers selected at random. Extending for 
100 numbers, this developed peaks as 
follows: dominant peaks as defined by 
Cole (ibid.) averaged 12.8 years in their 
mean intervals; dominant peaks fol- 
lowed by 3 successive years of decrease 
averaged 18.5. Ten series running as a 
2-point moving average for 50 “years” 
and derived from random numbers 0-99 
in l‘isher and Yates (1948) gave an even 
more revealing insight into the variance 
associated with this phenomenon. Nine- 
teen dominant peaks had intervals rang- 
ing from 5 to 21 and averaging 12.0. 
If the frequencies displayed in this last 
exercise could be considered typical, the 
chances of getting 4 successive dominant 
peaks with 8-12 year intervals (as Mac- 
Lulich did) are about 4 in 100. 

The population index reported for 


varying hare thus seems to me one 
which ecologists should be reluctant to 
throw out at this time as the mere result 
of random phenomena. The HBC col- 
lections for this species deserve closer 
mathematical scrutiny. 

Fur returns of the Hudson’s Bay Com- 
pany’s Northern Department for the 
muskrat have their mean _ intervals 
closely following the predicted frequency 
for a random series, as Cole (1954) has 
already shown. Data for the years 1821-— 
91 published by Elton and Nicholson 
(1942b) contain only one run of 3 suc- 
cessive years of decrease. The total 
muskrat sales of the Hudson’s Bay Com- 
pany for 1853-1911 follow much the 
same pattern, but 2-year cycles and runs 
of 3 successive decreases are entirely 
absent. In contrast to these is an index 
of total HBC fur returns for 1915-27, 
reported by Elton and Nicholson (op. 
cit.). Five successive years of increase 
are followed by five successive years of 
decrease. This instance of a single 10- 
year interval between minima is hardly 
enough evidence on which to postulate 
a 10-year periodicity for the species. 

Dominion BurREAU OF STATISTICS 
Reports. Contemporary reports of pelts 
taken in Canada emanate from the 
Dominion Bureau of Statistics and rep- 
resent a further test of the 10-year cycle 
as an ecological reality at the continental 
level (Fig. 1). The intervals between all 
peaks average 4.6 for the muskrat, 5.2 
for the mink (Mustela vison), 3.8 for the 
hare and 9.5 for the lynx, according to 
the annual Year Books of the Bureau 
that I examined. 

Butler (1953) has published a graph 
of this mink production which differs 
importantly from mine in two respects 
and is apparently based upon a much 
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Fic. 1. Population phenomena at the conti- 
nental level: pelt collections in Canada for 
fiscal periods ending in the years indicated. 
Values shown are for 100,000’s, prey on the 
left, predators on the right. Minor peaks are 
shown as closed circles. Source: reports of the 
Dominion Bureau of Statistics in annual issues 
of The Canada Year Book. For a mink index 
evidently based on a much larger sample, 
see Fig. 2. 


larger sample than I could study before 
the inexorable deadline set for this sym- 
posium by the Editor. The graph re- 
produced here as Figure 2 displays a 
tripartite peak which was found by 
Butler (zbid.) to be due to Manitoba 
peaking in 1921-22, most of Canada in 
23-24, and Ontario peaking in 1925-26. 
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Fic. 2. Population phenomena in Canadian 

mink (from Butler 1953): A—the number of 

sections in the HBC fur collection area show- 

ing a peak collection; B—the pelt collections 

for Canada; C—the percentage of observers 
reporting increase. 














The rest of Butler’s curves show peaks 
in 1934, 1942, and 1951—good evidence, 
if the values are accurate, that the mink 
displays an ecological cycle at the con- 
tinental level. 

In another graph, Butler (zbid.) has 
illustrated the pelt numbers taken in 
Canada for the colored fox (Vulpes 
fulva). The only peaks occur in 1926, 
1936, and 1944 for the country as a 
whole; an ecological cycle for this period 
(1920-51) appears to be obvious. 

I believe we can conclude that the 9- 
to 10-year cycle is an adequate sum- 
mary of continental population fluctua- 
tions in at least three predators—lynx, 
fox, and apparently mink. It is not an 
adequate summary of peaks in the con- 
tinental indices for two prey species, the 
varying hare and the muskrat; although 
it appears to have had some historical 
value in summarizing dominant HBC 
peaks in hares. It is Butler’s belief that 
ecological cycles at the continental level 
are masked by tendencies of high-pro- 
ducing fur sections of the country going 
slightly out-of-phase, and that on a 
regional basis the peaks in muskrat in- 
dices “become more definite and the 
cycle more regular.”’ This point is one 
we can examine shortly. 


POPULATION PHENOMENA AT THE 
REGIONAL LEVEL 


Regional population phenomena offer 
not only a test of the 10-year cycle as an 
ecological reality but also an opportunity 
to evaluate the relative merits of ex- 
trinsic versus intrinsic hypotheses for 
such indices that pass the test of 
randomness. 

Lynx. In Table 2, I have arbitrarily 
selected 3 HBC regions having the long- 
est uninterrupted series of lynx data 





anaes < 











(the Upper Saskatchewan, the West 
Central and the Winnipeg Basin) and 
calculated mean intervals between peaks 
of all types. Each of these regions re- 
mained substantially constant in area 
for a period of more than 70 years. A 
fourth, the Mackenzie River region, 
did vary somewhat in size. The four, 
plus three others not shown here, are 
parts of the Northern Department repre- 
sented in the final column of the table. 
When all the low peaks in these series 
are counted, the mean intervals vary 
from 7.5 to 9.3 years. In an arithmetical 
cycle, the expected mean length can be 
calculated according to Cole’s (1954) 
equation (17) for mean length in a 2- 
point moving average of random num- 
bers (the maximum amount of carry- 
over effect possible). These predicted 
means vary from 4.3 to 4.6 years. At 
least as far as this test goes, the lynx 
cycle at the regional level during this 
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period must be regarded as an ecological 
one, not an arithmetical one. 

Recent fur returns of the Dominion 
Bureau of Statistics are particularly in- 
teresting for the insight they give into 
statistics at the provincial level. In the 
32-year series published by deVos and 
Matel (1952), peaks of all types have 
mean intervals which vary from 3.6 to 
9.5 years for different provinces (Table 
3). The impression created by this break- 
down is that during this period an eco- 
logical cycle existed in the eastern part 
of Canada and that an arithmetical 
cycle operated in the west. 

The appearance of an apparent short- 
term arithmetical cycle in Saskatchewan 
and Alberta must be contrasted, I think, 
to the remarkably clear-cut 10-year eco- 
logical cycle which was present in these 
regions during the 19th century. Evi- 
dence for the latter appears in Elton and 
Nicholson’s (1942a) graph of the HBC 


TABLE 2.—Lynx Fur Returns ror 4 HBC Recions; NumBeEr or Cycies From First to Last 
Mrnor Peak (ArrerR ELTON AND NICHOLSON 1942A). THE PERtop Covers 1821-1934 
FOR THE MACKENZIE REGION, 1821-1891 ror THE OTHERS 








Number of Cycles Observed 





Cycle ——— SEES ————__——__—_—. —— 
Length Upper West Winnipeg Mackenzie North 
(Years) Sask. Central Basin River Dept. 
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TABLE 3.—INTERVALS BETWEEN Lynx PEAKS 
oF ALL TYPEs IN Fur RETURNS AT THE PROVIN- 
c1AL LEVEL (Source: DoMINION BUREAU OF 
STATISTICS; AFTER DEVOS AND Marte. 1952). 


Sequence of Mean Interval 
Peaks 
Province (Years) Actual Predicted! 


Quebec... 9, 10 


9.5 5.14 
Ontario. ee 6 5.14 
Manitoba. > Oe 3 6 5.1+ 
Saskatchewan 4, 4,3,6,2,2,4 3.6 5.14 
Alberta..... 2, 5, 4, 5, 4 } 5.1+ 
Brit. 
Columbia... 2, 10, 4, 4,2 4,4 


o.1s 





! Predicted for an arithmetical cycle having 
serial correlation [w = 1] over a 32-year 
period using equation (17) of Cole (1954). 


fur returns for the Athabasca Basin, 
West Central and Upper Saskatchewan 
regions (see also Table 2). I think there 
an be no question but that the appear- 
ance of arithmetical cycles in these re- 
gional indices for lynx coincided with a 
pronounced drop in_ pelt 
during the last two decades. In popula- 
tion phenomena at this level, ecological 
cycles generally appeared when lynx pelt 
returns for a given province peaked at 
more than 2,500; among the pelt col- 
lections for different regions of the Hud- 
son’s Bay Company the breaking point 
between ecological 
cycles generally seems to have been 


collections 


arithmetical and 
about 1,000. (That is, peaks above such 
levels usually marked 9-. to 11-year in- 
tervals. ) 

The HBC and 
demonstrate that a smoother lynx popu- 


Dominion statisties 
lation index is created when the data 
for many regions are thrown together. 
In Figure 3, for example, a single peak 
for Canada resulted while major provin- 
cial peaks were spread over a 4- or 5-year 
period; in the totals for Canada, all the 
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Fig. 3. Lynx population indices at the provin- 

cial level. Pelt collections reported by the 

Dominion Bureau of Statistics (after deVos 
and Matel 1952). 


minor peaks of the arithmetical cycles 
in the west are obliterated. This does 
not necessarily mean that the 10-year 
oscillation is an arithmetical phenome- 
non as Cross (1940) has suggested. The 
crucial test, as Cole (1951) has pointed 
out, lies in the fortuitous or synchronous 
distribution of peaks in different regions. 

Butler (1953) has sought to meet this 
challenge by dividing up the Hudson’s 
Bay Company posts into 63 sections as 
ecologically homogeneous as_ possible. 
In a tabulation which must have been a 
prodigous task of compilation, Butler 
shows that 272 peaks of lynx, red fox 
and fisher (Martes pennantz) fell into a 
definite pattern of years, no peaks oc- 
curring in the fiscal years ending 1920- 
23, 1929-31, 1938-41 and 1948-49. 
Mink and muskrat peaks, totalling 283, 
exhibited a somewhat different pattern 
in that they occurred at slightly earlier 
times in each decade; none fell in fiscal 
years 1917-18, 1926-29, 1937, 1946-47. 
These nonrandom distributions,  al- 
though established at a high level of 
statistical significance, must still be re- 
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garded with some caution. I make this 
reservation because Butler (zbzd., p. 243) 
believes that ‘the subjective choice of 
the peaks, provided it is followed by 
appropriate checks, is still the best 
method” (6f analyzing population in- 
dices for evidence of cycles). One won- 
ders how many minor peaks were sub- 
jectively eliminated in his series. 

It would, I think, be extremely inter- 
esting to compare the actual data on 
pelt collections for some widely scattered 
sections of the Hudson’s Bay Company 
that Butler (zbid.) has set up for analysis. 
The vast amount of data helpfully tabu- 
lated by Elton and Nicholson (1942a) 
offers clues to the reality of geographic 
synchronization which we can re-ex- 
amine for peaks possibly omitted in the 
original comparison made by these au- 
thors. Peaks in the Mackenzie River 
District for 1852-1934 offer an interest- 
ing comparison with districts to the east 
and south where discontinuous collec- 
tions are recorded. A James Bay series 
has six peaks occurring —1, +1, +2, 
+2, +2(?), and 0 years later; it fails to 
reproduce the very minor Mackenzie 
River peak of 1870 (only 7 per cent of 
the peak in 1866) and does not reproduce 
the major peak of 1916 which closely 
followed the peak of 1913. Peaks in the 
(Great) Lakes District follow a similar 
pattern: +1, +4, +1, 0?, 0, and +1 
years; those in the more distant Gulf 
(of St. Lawrence), +4 and +4. From 
1828 to 1886, four more proximate dis- 
tricts of the Northern Department re- 
peat every Mackenzie River peak within 
2 years, the only discrepancies being 
omission of the minor peak of 1870 and 
appearance of a dual peak in Upper 
Saskatchewan in 1857-59. It seems 
abundantly clear that the postulation 


of a 2-4 spread in peak years by Elton 
and Nicholson (1942a) for different re- 
gions was not an abuse of the rigid 
criteria later set up by Cole (1951, 1954). 
The 6-year spread of peaks now reported 
by Butler (1953) for 63 smaller sections 
of Canada takes on greater plausibility 
against this background and comes at a 
time of shift to low densities in this 
species. 

VarRYING Hare. As far as I know, 
regional data on the fluctuations of 
hares have been published for the 
Canadian provinces only as the result of 
questionnaire studies. (I have not seen 
all the publications of the Dominion 
Bureau of Statistics.) In the states, 
hunters’ reports are available only from 
two regions at the edge of the species’ 
range. 

Table 4 summarizes what is essentially 
one type of index appearing in the 17- 
year-long ‘‘Snowshoe Hare Enquiry”’ of 
Elton (1933, 1934), Elton and Swynner- 
ton (1935, 1936), Dennis and Helen 
Chitty and Mary Nicholson. In this 
table, I omitted Yukon, Northwest Ter- 
ritory, New Brunswick, and Nova Sco- 
tia. The index for these four fluctuated 
in a purely random manner and was 
based upon relatively small numbers of 
observers in each series (50 per year). 
The evidence, in Table 4, such as it is, 
leans toward 9-year cycles in Saskatche- 
wan and Alberta. As a measure of field 
realities, these series sorely require cor- 
relation with pelt-collection data. 

Hunters’ reports on Michigan and 
Wisconsin hares are summarized in a 
figure to be presented later. The errors 
in this type of index are well known, 
and trend information is usually re- 
garded as their only reliable aspect. 
Identification and interpretation of peaks 
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TABLE 4.—PEAKS IN THE PERCENTAGE OF AREAS (1931-32 To 1937-38) AND OBSERVERS (1937-38 
To 1947-48) REporRTING AN INCREASE IN THE ABUNDANCE OF VARYING HARES OVER THE PRE- 


CEDING YEAR. 


SourcE: THE SNOWSHOE HARE ENQUIRY 























Period B.C Alta Sask. Man. Ont. Que. Canada! 
31-32..... 82 97 90 100 88 91 92? 
732-33...... 89-97 82-84 66-81 95 75-85 94-95 ** 82-90 
"Sa-OA. 0.6 41-63** 32-66 31-70** 59-74 ** 61-72** 65-73 52-71 
34-35..... 42-67 ** 17-34** 3-30 14-32 13-29 ** 20-31 27-44 
735-36...... 27-42 15-35** 6-30 3-12 6-19 5-9 11-26 * 
"36-37... 17—40 18-56 12-44 16-32 3-23 0-5 10-31 
’37-38..... 26-48 35-63 33-75 12-35 26-44 23-34 23-43 
37-38... 27 30 58 29 29 25 36 
38-39..... 51 53 83 55 28 63 40 
’39-40..... 49 66 82 75 53 60 66 
’40-41.... 44 72 82 76 67 59 67 
"41-42..... 48 65 67 65 62 69 59* 
"42-43..... 44 34 26 24 58 58 42 
'43-44..... 33 11 14 13 35 31 23 
'44-45..... 14 9 16 12 25 31 21 
45-46. .... 23 12 17 27 23 21 22 
"46-47..... 28 36 48 39 31 11 36 
50 51 56 36 24 45 


"47-48... 27 





1 Including Yukon, Northwest Territory, New Brunswick and Nova Scotia. 


2 Includes data for Prince Edward Island for this first year only. 
* High peak in dominion pelt collections reported in this year (Fig. 1). 
** Last years of abundance, according to MacLulich (1937) who combined his data for Mani- 


toba and Saskatchewan. 


in such indices can only be made with 
caution. Five peaks appearing in the 
hare index of the Michigan Conserva- 
tion Department coincide in 3 years 
with 4 peaks appearing in the Wiscon- 
sin hunters’ reports compiled by the 
Game Management Division of the Wis- 
consin Conservation Department, a 
coincidence that could in itself easily 
occur by chance in indices having no 
serial correlation. Where carry-over ef- 
fects are present (as they often are in 
hares), the possibilities of this occurring 
by chance are much less,—a point I am 
not equipped to elucidate further. Cer- 
tainly only a very loose relationship 
seems to have existed between the two 


populations in 1937-52. Despite the 


well-authenticated reports of marked 
fluctuations of hares at this southern 
limit of the hare range (Leopold 1931, 
Green and Evans 1940), statistical evi- 
dence for an ecological cycle of 9-10 
years actually is lacking for statewide 
populations. 

Muskrat. Butler (1953), who 
cepts Elton and Nicholson’s (1942b) 
claim of a 10-year muskrat cycle for 
Canada as a whole, characterizes the 
peaks as less definite than those dis- 
played by other furbearers. “If the data 
for Canada are split into regions,” But- 
ler adds (p. 251), “the peaks become 
more definite and the cycle more regu- 
lar, indicating that the different sections 
are slightly out of phase.” This inter- 


ac- 
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esting statement seems to rest (in terms 
of published literature) upon the Robin- 
sons’ (1946) breakdown of recent Mac- 
kenzie District pelt collections accord- 
ing to five regions. Three of these 
clearly show only one peak each in 11 
years, a revealing circumstance that 
should be studied more fully in longer 
series. Earlier Mackenzie River Dis- 
trict data (not broken down into smaller 
components of this type) have minor- 
peak intervals averaging 4.6 years and 
“high peaks’? (Cole 1954) which Elton 
and Nicholson (op. cit.) construed as 
evidence of a 10-year cycle. 

We have here reached a point which 
may serve to illustrate Butler’s (1953) 
strong objection to the random hypoth- 
esis argued by Cole (1951); that is, 
most actual population indices involve 
successive values which fluctuate at ran- 
dom around a trend. This estimate of 
population behavior seems to be wholly 
plausible on ecological grounds, but the 
identification of the Mackenzie River 
high peaks as random or nonrandom 
phenomena apparently requires more 
mathematical techniques and time than 
I possess. As predator and prey respec- 
tively in different biotic pyramids, lynx 
and muskrat may well display different 
types of population indices; but I confess 
the prospect is uninviting when we find 
a 10-year cycle appearing more clearly 
if we combine regional data for one 
species (lynx) and disappearing when we 
do so for another (muskrat). It is true, 
of course, that the trapping operations 
for the two involve quite different sys- 
tems. A further tabulation of muskrat 
pelt data for other HBC districts seems 
to be much needed at the present time. 

At the state level, population indices 
of muskrats betray no hint of cyclic 


fluctuations that I am aware of. This at 
least is true of trappers’ reports com- 
piled by the Michigan and Wisconsin 
Conservation Departments. Peaks in 
Michigan display intervals of 2, 2, 3, 
and 2 years respectively. In the Wis- 
consin index, this runs 3, 3, 2, and 2. 
Even evidence of serial correlation in 
these is lacking. 

RurrepD Grouse. Evidence for an 
alleged synchronization of ruffed grouse 
(Bonasa umbellus) populations has been 
gathered by Clarke (1936) and by Dar- 
row (1947), who expressed the results in 
terms of the last year of abundance be- 
fore a decline—the ‘‘conspicuous peaks” 
of Cole (1954). While ‘conspicuous 
peaks” may offer traps for the unwary 
in analyses of arithmetical cycles, their 
potential synchronization over a wide 
expanse of continent would take on par- 
ticular significance if the reports emanate 
from independent observers. 

For some 18 areas, no conspicuous 
peaks for ruffed grouse were reported 
for 1907-11, 1917-21, 1926-31, or 1936— 
41. At least two populations are said to 
run counter to this trend: a coastal 
British Columbian one believed to have 
peaked in 1917 and 1931 (Clark op. cit.) 
and Nova Scotian birds reported to have 
peaked in 1928-29 (zbid.) or 1930 and 
1940 (Darrow 1947). 

On the face of it, this near unanimity 
of synchronization of conspicuous peaks 
would appear to prove that the grouse 
cycle is an ecological one and not the 
product of random variation. It is no 
reflection on the intellectual integrity 
of the original authors, I am sure, to 
point out that most of the years were 
selected by two men and that their use 
of subjective criteria attaches some falli- 
bility to the results. This is no better 
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evident than in the case of New Bruns- 
wick where hunters’ reports of ruffed 
grouse killed in this province are com- 
piled by the office of the Chief Game 
Warden. A representative series of these 
(furnished by B. 8. Wright in litt.) is 
shown in Table 5. The reports fluctuate 
remarkably like an arithmetical cycle 
with no serial correlation. Through the 
courtesy of A. J. Reeve, I have been 
able to compare these data with hunters’ 
reports for Manitoba ruffed grouse gath- 
ered by the Branch of Game and Fish- 
eries in that province (Table 5). The 
mean interval between 2 (minor) peaks, 
4.5 years, suggests more pronounced 
serial correlation than in New Bruns- 
wick but is still typical of an arithmetical 
series by a mean-interval test. 

Of some interest is the degree of co- 
incidence between the three dominant 
peaks in the New Brunswick series and 
the two dominant and one minor peak 
of Manitoba. One is initially impressed 
with the fact that 1933 and 1942 were 
occasions for major peaks in widely 
separated grouse populations; 1938 not 
only produced a very high kill peak in 
New Brunswick but also minor peaks in 
the kill curves for Manitoba and Michi- 
gan. (This is the sort of effect I would 
expect to result from weather.) In a 12- 
year index with no serial correlation, 
however, 5 peaks would coincide with 
any 3 years in another index once in 
every four times purely by chance. 
Where questionnaire identification of 
last years of abundance can be checked 
against kill reports, discrepancies of one 
year have thus occasionally resulted. 
The point to be made is not which is 
more correct, but rather that both are 
only gross indications of population 
phenomena. The corrected hunters’ re- 
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TaBLeE 5.—Hunters’ Reports or RurFrep 
GROUSE KILLED IN Two CANADIAN PROVINCES 














Year New Brunswick Manitoba 
‘| ae 38,000 closed 
ee ee 44,000* 6,500 
“ae 39,000 23,250* 
a 61,000** 28,250 
i ee 32,000 19,150 
ere 39,000 3,090 
1936......... 33,000 2,720 
cre 74,000 3,760 
eee 93,000 7,800 
| ee 77,000 7,630 
| 35,000 10,000 
| 45,000 13,600 
1942......... 62,000 17,000 





A. J. Reeve 
in litt. 


B. 8. Wright 
in litt. 


Source 





* Last year of abundance before a decline 
according to Clarke (1936). 

** Last year of abundance before a minor 
decline according to Darrow (1947). 


ports at least lend themselves to more 
objective analysis. In most cases, how- 
ever, closed hunting seasons completely 
interrupt the continuity of the grouse 
series. Figure 4 summarizes three typical 
indices from the Lake States. 

These curves are too short to shed 
much light on the type of fluctuations 
exhibited by the species represented. 
The near-synchronization of the three 
ruffed grouse curves around 1942 is less 
evident in the surge of population taking 
place a decade later. An intermittent 
series published for Connecticut by Son- 
drini (1950) begins with a high in 1923 
and shows another high in 1935. High 
kills in this state are, however, only a 
small fraction of those in the Middle 
West, and one wonders what effect is 
produced when grouse data represent 
large versus small regions. Some clue to 
this is provided in Table 6 which com- 
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Fic. 4. Hunters’ reports as an index to popu- 
lation phenomena at the regional level. The 
calculated kill is shown in 100,000’s, values for 
Michigan-Wisconsin ruffed grouse and for 
Michigan prairie grouse (sharp-tails and prairie 
chicken) being shown on the right. Minor peaks 
are shown as closed circles, triangles and 
squares. 


bines ruffed grouse kill estimates for 
three states. Here the minor peaks dis- 
appear, and more rounded major peaks 
are suggested. In this one example the 
general arithmetical effect seems similar 
to that encountered when the provincial 
fur returns of lynx are combined for 
Canada as a whole (Fig. 3). 
INTERSPECIES SYNCHRONIZATION. 
Rowan (1948) has reported that pheas- 
ants (Phasianus colchicus) and Hun- 
garian partridges (Perdix perdix) are 
now following the same population oscil- 


TABLE 6.—CoMBINED KILL ESTIMATES FOR 
MINNESOTA, WISCONSIN AND MICHIGAN 
RuUFFED GROUSE 





Year Estimate Year Estimate 


| 535,896 1948...... 975,311 
1940...... 764,765 1980. ...... 2,192,643 
| nares 1,087,092 HOBO. 0... 2,214,948 
ae 1,164,830 ee 2,786,733 
a 815,743 ere 2,814,215 





lations as grouse. There is no doubt that 
this phenomenon also occurred in the 
Lake States in the upsurge of popula- 
tions peaking around 1942 (Fig. 4) and 
that it will prove interesting to watch 
for in the future. 

Lack’s (1951) postulation of a preda- 
tor mechanism serving to link hare and 
grouse declines is hard to document from 
the field data available. Fig. 4 offers 
some circumstantial evidence on the 
point. In general, hare declines in Michi- 
gan and Wisconsin have preceded de- 
clines for both ruffed grouse and for 
prairie grouse (prairie chicken [Tym- 
panuchus cupido| and sharp-tailed grouse 
[ Pedioecetes phasianellus}). 

A more extensive comparison may be 
made of estimated major peaks for hares 
and ruffed grouse in the Canadian prov- 
inces. The crude historical evidence sug- 
gests that hares began to decline before 
grouse in both the early 1930’s and early 
1940’s but probably not in the 1920’s. 
Lynx peaks were generally later, as one 
would expect. 

Butler (1953) has made the interest- 
ing statement that in some areas lynx 
peak before hares and from this he sug- 
gests that the lynx populations are con- 
trolled by a cosmic factor rather than a 
predator-prey relationship. The basis of 
this claim should, I think, be fully docu- 
mented. The pelt collections for Canada 
reported by the Dominion Bureau of 
Statistics during the 1920’s (illustrated 
in Figure 3) conceivably offer some 
proof. For the fiseal years ending 1922 
and 1923, the Bureau reported 1,013 and 
496 hare pelts respectively. In the next 
3 years, reported collections ran from 
155,000 to 1,235,000 (in round numbers). 
There is obviously a tremendous dis- 
crepancy in the consistency of the Bu- 
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reau’s own figures and between the 
Bureau index and the reports of Mac- 
Lulich’s observers. I think the burden 
of proof rests with the Bureau. 

In Alberta, where cyclic population 
sweeps are reported to be quite marked, 
a questionnaire index run by Rowan 
(1953) showed hares reaching a minimum 
in 1945 and a peak in 1951, one year in 
each case later than similar phenomena 
for ruffed grouse, sharptails and huns. 
The sweep of increase and decrease in 
this regional index follows the gradual 
change of a 10-year cycle. Agreement 
with the hare index run in Alberta by 
the Bureau of Animal Population (Table 
4) is very good, but the independence 
of the two studies has not been clearly 
established, at least in my mind. 


POPULATION PHENOMENA AT THE 
Loca LEVEL 

Do 10-year cycles have any reality at 
the local level? The initial evidence on 
this point was presented by Criddle 
(1930) in a graph giving local popula- 
tion estimates for ruffed and sharp- 
tailed grouse in the vicinity of Aweme, 
Manitoba. Between 1895 and 1929, only 
three sharptail peaks are reported, 1902 
04, 1912-13, and 1923. Neither the area 
involved nor the actual magnitude of 
the fluctuations are mentioned. The esti- 
mates are admittedly approximations, 
and it seems best to accept the evidence 
with (1947: 564) 
has pointed out. 

Two more modern long-term censuses 
emanate from the New York State 
Grouse Investigation. On tracts of about 
2,200 and 816 acres, Darrow (7bid.: 565) 
shows that no eyelic oscillations were 


caution, as Darrow 


evident. A final census involves 2,560 
acres on the Cloquet Experiment Forest 
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(in Minnesota) where a report on the 
follow-up work to King’s (1937) study 
has now been brought up to date by 
Marshall (1954). Despite a 3-year break 
in the continuity of study, this Univer- 
sity of Minnesota series shows none of 
the minor peaks indicative of an arith- 
metical cycle. Of particular interest, | 
think, is the insight into a regional index 
that we get when the results of this 
unique census are compared to the state- 
wide kill calculated for Minnesota by 
Erickson and Burealow (1953). As Fig- 


ure 5 shows, the Minnesota kill index 























°33 42 ‘SI 


Fic. 5. The calculated Minnesota-wide kill 
(broken line) for ruffed grouse compared to 
results of a census (solid line) in the same 
Srickson and Burealow (1953) 
and Marshall (1954). 


state; after 


followed the general oscillation on the 
census area at the time of the high in 
1941 or ’42 and again around 1951. In 
view of errors believed to be associated 
with state kill indices, the relationship 
is surprisingly close. In 1932-34, when 
Minnesota’s calculated state kill failed 
to follow the Cloquet curve, the state 
kill in Wisconsin did; it did so again in 
the early 1940’s, but not in the early 
1950’s. The northwest corner of Wiscon- 
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sin is less than 20 miles from the Cloquet 
study area. 


RESEARCH NEEDS 


Although eloquent arguments can be 
made to support hypotheses for extrinsic 
versus intrinsic control of the species in 
the 10-year game cycle, it seems to me 
that the whole phenomenon rests upon 
a pretty shaky set of statistics from 
which only the lynx emerged in this re- 
view as exhibiting a true 10-year oscilla- 
tion. [Data on mink and red foxes in 
Canada also seem to constitute excep- 
tions (Butler 1953).| It is obvious, I 
think, that this game and fur cycle is an 
ecological and mathematical problem in 
which speculation can easily outrun 
facts. The clear-cut picture on lynx pre- 
sented by Elton and Nicholson (1942a) 
owes much of its clarity to the readiness 
of their editor to accept a paper in 
which graphic illustration was accom- 
panied by a careful tabulation of the 
actual data. This unorthodox practice 
needs encouragement. 

There is a real need for more statistics 
at the regional and local level. Can his- 
torical hare and muskrat pelt collection 
data be found for districts of the Hud- 
son’s Bay Company? Could the Domin- 
ion Bureau of Statistics release annual 
figures of pelt production for each prov- 
ince for the snowshoe hare? 

- Contributions to our knowledge of the 
whole problem, ecologically as well as 
mathematically, could also be made by 
the inauguration of hunters’ kill-report 
systems in a number of states and prov- 
inces, and by the publication of others 
now current but inaccessible or unpub- 
lished. (Biologists have generally been 
reluctant to release crude overestimates 
which might be misconstrued by the 


general public.) Even without the ex- 
tensive corrections carried out by Son- 
drini (1950) and suggested by Hayne 
(1951), such statistics in my opinion 
could well be published in the JouRNAL 
oF WILDLIFE MANAGEMENT as prelimi- 
nary reports. 

At the field level, transects and census 
data are now being compiled by some 
states anxious to modify their hunting 
regulations according to trends in their 
grouse populations. Where student help 
is readily available at forestry camps, 
university campuses, and biological sta- 
tions, a fairly large-scale long-term 
census may often be possible. 

The Wildlife Society could, I think, 
coordinate and stimulate such a program 
by setting up a standing committee to 
direct a broad study of cycles and to 
encourage prompt publication of statis- 
tics as they become available. 

On the analytical side, Cole (1954) 
has opened possibilities for research 
which I am sure mathematicians recog- 
nize better than I can. Speaking as a 
naive ecologist, I would like to see Mac- 
Lulich’s (1937) interpretation of con- 
spicuous peaks in hares re-examined by 
mathematicians as well as the high peaks 
in Mackenzie River muskrats recog- 
nized by Elton and Nicholson (1942b). 
Butler (1953) has sought to argue down 
Cole’s (1951) hypothesis on the ground 
that a population index will show local 
variation as minor peaks and still repre- 
sent a nonrandom ecological cycle. His 
demonstration of this point (cbzd.: 245) 
by running averages is unconvincing (at 
least to me). The issue should be con- 
sidered in a mathematician’s scrutiny of 
the two conspicuous and high peaks 
mentioned above and in a review of re- 
gional correlation of lynx peaks in HBC 
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districts. To an ecologist, there is a final 
need for some clarification of the sam- 
pling limits to be expected in the mean 
intervals found in random time-series 
possessing serial correlation. Another 
useful tool would concern the identifica- 
tion of randomness in an index by means 
of runs. Confidence limits for runs have 
been calculated for data having no serial 
correlation (by Eisenhart and Swed in 
Wilks 1949) but these are inappropriate 
to the present problem. They would 
have considerable usefulness in the 
analyses of extremely short series. 


SUMMARY 


Statistics alleged to be representative 
of the 9- to 10-year cycle in North 
America were considered in this review 
at 3 levels of integration and evaluated 
by means of critiques proposed by Cole 
(1954). At the continental level, lynx 
pelt collections exhibit a 9- to 10-year 
cycle; muskrats do not. At the regional 
level, the cycle is present in (older) lynx 
data for Hudson’s Bay Company dis- 
tricts; it is obscured in recent provincial 
indices for lynx, suggested in Alberta 
and Saskatchewan questionnaires on 
hares, and absent in Michigan and Wis- 
consin trappers’ data on muskrats. 
Cyclic data on birds are absent at the 
continental level, and suggested at the 
regional level only by subjective meth- 
ods which do not distinguish between 
random and nonrandom fluctuation. At 
the local level, grouse census data reflect 
a simple arithmetical cycle for two areas 
and a fairly clear 9- or 10-year cycle on 
at least one other; in one instance, they 
were frequently correlated with calcu- 
lated statewide kills. Minor peaks in 
2 short series of statewide hunters’ re- 
ports were observed to disappear when 
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3 Lake States indices were combined. 
When totalled, provincial lynx data be- 
haved similarly as did the district lynx 
data of the Hudson’s Bay Company. 
No satisfactory evidence for a 10-year 
cycle in British Columbia or the Mari- 
times was encountered. In general, hare 
populations have declined before grouse 
did. 
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APPENDIX A.—Peak or near-peak 
lations reported for North American grouse. 
Except as noted, these data refer to ruffed 
grouse populations, and to the last year of 
abundance before a major decline. Years in 
square brackets refer to peaks in hunters’ re- 


popu- 


ports of birds bagged; years in round brackets, 
to last year of abundance before a minor decline. 


Regior Last Years of Abundance jor Peaks] _ Ref. 
Brit. Col. 
Coast 
Interior 
Alberta '93 
"06 "05-06 
Sask. 04 


Manitoba 











NW Ont. ’02C, 22 
03D 231 
Cen. Oni. '93 "04-05 '15 22-23 '32C- °42 C 
"33D 
E. Ont. °93? '04-05 '1: 33(4) °42 C 
Quebec 06 33 Cc 
Labr.* "95C ='O05A "30A A,C 
New Bruns *31C(°33)D C,D 
Nova Scotia "30D °*40D C,D 
Newfoundland* Cc 
S. Dak. "32 J 
Minnesota 05 "14 23 33 "42 D 
[-] [41] M 
Wisc. "98S, ’O6L,S '14 "24 33 "42 D 
'15L °22L [°33] [42] W 
Michigan 05 "14 "25 32 "42 D 
('42] M 
New York 06 14 ’23 ('35) D 
Penna. 06 14 23 35 ("42) D 
Conn, & Mass. ‘06 15 23 35 ) 
Connecticut (23, ['35] ['42]** So 
’27] 
Vt. & N.H "06 "15 23 35 D 
Maine 05 "15 23 D 


* Willow Ptarmigan (Lagopus lagopus). 


**'42 is actually a minor peak in the series; so too 
were 1931 and 1933 not shown in this table. 


References: A—Austin (1932: 75); C—Clarke (1936); 
D—Darrow (1947: 566); E—Erickson and Burcalow 
(1953) [corrected hunters’ reports to Minn. Dept. Con- 
servation]; J—Janson (1948); L—Leopold (1931: 142); 
M—Michigan Dept. Conservation [corrected hunters’ 
reports] from Annual Repts. and intradepartmental 
memoranda courtesy D. W. Douglass in litt.; Re— 
corrected hunters’ reports to Man. Game and Fisheries 
Branch, vide A. J. Reeve (in litt.); Ro—Rowan (1948); 
S—Schorger (1947); So—Sondrini (1950); W—cor- 
rected hunters’ reports to Wis. Conservation Dept., 
compiled annually by W. E. Scott, Otis Bersing et al. 
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APPENDIX B.—Geographie and interspecific 
synchronism in reported peaks 


Varying Ruffed 

















fare! Grouse? Lynx? 
% Last Year No. of 
Peak Reporting of Peak Furs 
Region Year Increase Abundance Year Reported 
Brit. Col. 23 24 7,638 
’26 = 55,240 
Alberta °22-23 22 23 7,374 
('24-25)4 (’24-25)4 ’25 = 7,662 
30 1,537 
Sask. 22 ’22 ~=2,092 
'26 =: 1,427 
°22-23 "30 762 
Man. °22 ’23 = 4,939 
25 2,399 
Ontario °23 °22-23 "26 
Quebec 22-23 26 
N. Bruns. 23 
Brit. Col. ’32)0 «89-97 «- ’31Lor’325 °34-36 3,531- 
3,564 
"34 4042-67 
Alberta 31? °30 2s: 1,537 
(33-34)4 2,492 
Sask. "31? 32 
Manitoba 31? *32[or’33]6 
Ontario 31? "32-345 
Quebec "32 "33 
N. Bruns. 31? (see Table 5) 
Nova Scotia ’31l 728-29 
"307 
Brit. Col. "38 51 "40 1,550 
"41 18 "44 3,332 
Alberta 39 1,028 
"40 72 "42 43 1,474 
('42)4 "424 
Sask. *38-40 82-83 39 782 
"43 340 
Manitoba "40 "42 "41 652 
Ontario "40 "42 "44 
Quebec 38 63 
"41 69 "45 
N. Bruns 38 78 (’38)8 
"40 67 ('42)8 
(48)8 
Nova Scotia °38 89 "40 
"46 80 





1 Except as noted, peaks in the 1920’s represent ques- 
tionnaire data interpreted by MacLulich (1937) as 
the last year of abundance before a major decline; 
those in the 1930’s are based on the Bureau of Ani- 
mal Populations progress reports of The Snowshoe 
Rabbit Enquiry by Elton, D. Chitty, Synnerton and 
M. Nicholson. In interpreting their data, I selected 
peaks in the percentages of observers or ‘‘squares”’ 
showing increase over the preceding year. Since their 
study began as of 1931, it is not possible to identify 
this year as a peak one, but the near unanimity of 
observers reporting increase suggests that the peak 
in 1931 was clearly as evident as latter ones estab- 
lished in this investigation. 

2 Last years of abundance before major declines, com- 
piled for the first two cycles by Clarke (1936) and 
for the third by Darrow (1947) from questionnaires 
and correspondence. 

3 Fur return data of the Dominion Bureau of Statistics; 
from deVos and Matel (1952). 

4Grouse-hare maxima reported for central Alberta 
from direct observation by Rowan (1948). 

5 The span of years shown covered separate peaks in 
different parts of the province, according to Clarke 
(op. cit.). 

6 The estimated hunters’ kill, furnished by A. J. Reeve 
(in litt.) gives a peak one year later (1933) than that 
deduced by Clarke (op. cit.) from questionnaires. 

7 From Darrow (1947: 566). 

8 Peaks in hunters’ reports from office of the Chief 
Game Warden (B. 8S. Wright in litt.). 
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THEORETICAL NOTES ON OSCILLATORY POPULATIONS 


G. E. Hutchinson 


Osborn Zoological Laboratory, Yale University, New Haven, Conn. 


The purpose of the present brief con- 

tribution is to call attention to certain 
aspects of population dynamics which 
seem to the writer to have been inade- 
quately appreciated by students of that 
subject. No very formal development is 
attempted. The matters to be discussed 
are presented solely in the hope that 
they may be considered by other work- 
ers and if valid, be incorporated into 
current theory. 
1. The growth of any population in a 
constant uniform bounded environment 
may be expressed, provided a conven- 
tion of continuity is permissible as a 
reasonable approximation to nature, by 
a differential equation of the form 


1 | Se dN/dt = bNf(N) 


Here N denotes the number of individ- 
uals in the population, b is the Malthu- 
sian parameter or coefficient of increase 
in an unrestricted environment, and 
f(N) may be regarded as a sort of nega- 
tive feed-back term by which the actual 
rate of increase is regulated appropri- 
ately to the size of the restricted en- 
vironment. Initially, when practically 
no individuals are present the rate of 
increase will be practically Malthusian 
so that f{(0) = 1. When the number of 
individuals reaches the saturation value, 
say K, the natality will be exactly bal- 
anced by the mortality and f(K) = 0. 

The function f(N) is not necessarily 
monotonic, but optimum density effects 
will not be considered in the present 
note. If monotonic, f(N) will be a real 


dimensionless number that is not greater 
than unity, N being either 0 or positive. 
If N is made greater than K artificially, 
f{(N) will assume negative values. 

The simplest form of f(N) is 
(K—N)/K, giving the familiar Pearl- 
Verhulst logistic, an expression which 
has certain defects, (Smith 1952; Slobod- 
kin 1953) though in the present writer’s 
opinion it still forms a convenient point 
of departure. In view of the objections 
raised to the logistic, the more general 
form has been used in the present note. 


2. As ordinarily understood the ex- 
pression f(N) is taken to correct the 
Malthusian rate of increase not only 
appropriately but also instantaneously. 
Biologically, {(N) may reduce the rate 
of increase either by reducing natality 
or by increasing mortality. The effect on 
mortality may be instantaneous but is 
not necessarily so. It is usually difficult 
in the cases of any of the higher animals 
to see how the effect of such a corrective 
term on natality could be instantaneous. 
If we are to allow a time lag (Hutchin- 
son 1948; Hutchinson and Deevey 1949) 
we must rewrite (1) as 


(2) cece dN,/dt = bN,.£(Nit_7) 


where 7 is the measure of the time lag. 
Equations of this form raise formidable 
mathematical difficulties. It is, however, 
quite easy to see that such an equation 
permits N; to increase above K. Then 
T units of time after N; has exceeded K, 
f(N._,) will become zero and immedi- 
ately proceed to take negative values. 
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It is known that in some cases, including 
that of the Pearl-Verhulst logistic, oscil- 
lations are set up, though they may be 
damped out. 


3. Using an algebraic approach of an 
entirely different, and in some ways 
biologically more rigorous, kind, Slobod- 
kin (1953) has come to a similar con- 
clusion. In general wherever we have a 
single feed-back term of the kind we 
have inserted in our initial equation, 
unless unreasonable demands are made 
on the efficiency of its operation, the 
danger of the generation of internal 
oscillations uneontrolled by the environ- 
ment is likely to be present. 


4. It is reasonable to expect that from 
any biological system certain time con- 
stants could be isolated defining periods 
of oscillation which are particularly 
probable. No rigorous treatment of this 
situation is at present possible but by 
analogy with mechanical systems such 
a presumption appears reasonable. The 
well known ‘‘sound of the sea,” which 
frequently seems to have a fairly well- 
defined pitch, heard when a large 
gastropod shell is held to the ear pro- 
vides a mechanical analogy. If the varia- 
tion of environmental variables be re- 
garded as constituting a noise spectrum, 
biological systems may well be expected 
to resonate to certain frequencies in that 
spectrum. 


5. These considerations should lead us 
to expect oscillatory changes in single 
species populations even under relatively 
stable environmental conditions as nor- 
mal events. Admittedly, nothing that 
has been stated above explains, for in- 
stance, the extraordinary and dramatic 
rise and fall of the Canada lynx and 


snowshoe rabbit populations, which rise 
and fall cannot conceivably be mere 
statistical artifacts. It is, however, 
legitimate to pose a further question in 
the light of the above argument, namely, 
why such oscillations should be so rare. 


6. As a tentative general answer to 
this last question we may perhaps sug- 
gest that in most cases oscillations of 
any great amplitude are extremely 
dangerous because at the crests when the 
equilibrium saturation value is surpassed 
epidemics can spread through the popu- 
lation, cover may be irreversibly de- 
stroyed and the final crash might in some 
instances bring the species far below a 
safe density level. At times of minimum 
numbers random events might often 
exterminate a species at least locally. It 
is therefore reasonable to suppose that 
in most cases natural selection is operat- 
ing to reduce the value of the time lag, 
which may best be done no doubt by 
making natality less density dependent, 
so that the burden of regulation is placed 
on mortality. Further mathematical in- 
vestigation may show that forms of 
f{(Ni_+) exist which for a given time 
lag permit a descent towards K without 
very violent subsequent oscillation. It 
is also reasonable to suppose that in 
more general terms, preferred frequen- 
cies of resonance are eliminated or 
shifted by natural selection towards im- 
probable frequencies in the environ- 
mental noise spectrum. 
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RUFFED GROUSE AND SNOWSHOE HARE POPULATIONS 
ON THE CLOQUET EXPERIMENTAL FOREST, 
MINNESOTA * 


William H. Marshall 


University of Minnesota, St. Paul 1, Minn. 


The Cloquet Experimental Forest in 
northeastern Minnesota has been the 
scene of ruffed grouse (Bonasa umbellus 
L.) investigations since 1927. A major 
feature of these studies has been the de- 
velopment and use of the King Census 
Method as described in Trippensee 
(1948, 281-283.) This report presents 
the early spring data available on esti- 
mates of grouse populations obtained by 
this method since 1927 as well as data 
gathered on populations of other ani- 
mals in more recent years. 

The area has a complex mixture of 
uplands and lowlands, conifers and hard- 
woods, as well as varying age classes of 
timber. Its characteristics and attributes 
as grouse habitat have been described 
by King (1937). Magnus (1949) and 
Marshall and Wisness (1953) have re- 
ported on the relationships of grouse 
occurrence to forest cover types during 
the spring season. 

Field work on grouse populations in 
the area has been carried on by many 

1 Paper No. 3053 Sci. Journal Series, Minn. 


Agricultural Experiment Station, St. Paul 1, 
Minnesota. 


individuals. Ralph T. King and his 
associates pioneered the work from 1927 
to 1936; Gustav Swanson and students 
carried on the censuses from 1940 to 
1944; during this period staff members 
of Pittman-Robertson Project 11-R, 
Bureau of Game, Minnesota Depart- 
ment of Conservation assisted in the 
work and carried out the census in 1945. 
Since that date the writer has conducted 
various types of censuses with senior 
forestry and graduate wildlife manage- 
ment students. Throughout these periods 
Dr. T. Schantz-Hanson, Director of the 
Forest, has expedited work in many 
ways. 

The data on estimated spring popula- 
tions—usually obtained in April—are 
presented in Table 1. Unfortunately, no 
data for the years 1937, 1938, and 1939 
can be located. There was a steady rise 
in population from 1927 to 1933. The 
population remained stable for two years 
and then dropped sharply. From 1940 
to 1942 it rose again. It will be noted 
the numbers were nearly equal in 1941 
and 1942 at a level of only one-third the 
1933-34 data. Numbers dropped to a 
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TaBLeE 1.—EsTIMATES OF SPRING DENSITIES 
oF Rurrep GROUSE PER SQUARE MILE 
CLoquet Forest EXPERIMENT STATION ! 





2 
ere 22.5 | ere 36.8 
1929..... 36.8 PE entices 32.0 
1000 ........ 5+. GEO PO irs ccsisrediord 14.0 
1931... ..95.5 RO eos. ; 
Sey: 139.1 | rere 24.7 
1933 160.0 es 47.4 
eee 160.0 Pac cacseee 64.6 
eres 55.2 er 83.1 
eee 24.5 | ares 85.3 
Aer 33.9 | eee 42.1 
See 47.8 rT ee 28.8 








| 1927-1936 calculated from King, 1937, Fig. 1. 
2 Jan. 28 census. 
3 Only one bird seen in 16 miles of census line. 


very low point in 1946 and then rose 
steadily to a plateau in 1950 and 1951. 
Populations have recently dropped. 
The reliability of these data is not 
accurately known to the writer. Some 
idea of the variation can be obtained by 
comparing data obtained on closely 
spaced censuses run several times since 
1946 (Table 2). Certainly the instruc- 
tions given each year to field workers 
have followed closely those listed by 


TABLE 2. 


Number Number 
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Trippensee (1948) and the same lines 
along forty-acre compartment bound- 
aries have been followed since the early 
1930's. 

Further idea of the reliability may be 
obtained by comparing ruffed grouse 
numbers seen on a standard deer drive 
(Trippensee, 1948, 215-216) carried out 
each spring since 1948 (Table 3). This 
method, of course, may be less reliable 
than the King method but the data 
indicate similar magnitude of popula- 
tions although the estimated high is one 
year earlier. 

Interest has been expressed in the 
changes in populations of snowshoe hare 
(Lepus americana Erxleben) on this area. 
Unfortunately, comparable data through 
the years are not available. Based on 
verbal reports by Dr. T. Schantz- 
Hanson, hares were abundant in 1929, 
exceedingly abundant in 1935, and abun- 
dant in 1943. Examination of Table 3 
indicates hares were abundant in 1950 
and have declined since that year. It is 
of interest to note that on March 19, 
1950, or six weeks previous to the deer 
drive of that spring, 254 hares were shot 


RESULTS OF REPEATED GROUSE CENSUSES 


Number Estimate 











Date observers miles run Grouse seen (grouse/sq. mi.) Difference 
4/28/63 0.2m. ......... W 30 23 21.8 28 
4/28/53 p.m. . 16 29 20 30.3 , 
4/27/52 a.m. ......... 12 12.5 10 39.0 6 
4/30/52 a.m. ......... 24 18.3 16 45.7 7 
Ve I. 2%” a 26 26.5 41 85.3 

0 7) 32 31.4 28 59.8! 

4/28/50 a.m. ........ 33 28 .0 7 98.5 26.6 
5/2/50 a.m........... 34 30.8 35 71.9 — 








1 This estimate discarded because weather changed during the run. 
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on the forest. This indicates 25 of these 
animals were taken per section. Thus, 
the estimate (Table 3) for this year 
might have been 149. 

A very limited amount of data is 
available on rodents in the forest. 
Woodchuck were reportedly abundant 
in the early 1940’s and these animals 
were still common in April, 1945, when 
the writer first visited the area. How- 
ever, since that year only one wood- 
chuck has been seen and that in May, 
1953. Quimby (1945) reported a sharp 
drop in wintering populations of small 
mammals between 1941 and 1942, and 
from snap-trapping it is known that 
populations of mice were sparse in April, 
1947, 1948, and 1953. 

No exact data are available on preda- 
tors in the area. However, since 1945 
general observations have been made in 
April and May each spring and during a 
two day field trip in late February each 
winter. Avian predators observed on the 
forest include the great horned owl, 
goshawk, Cooper’s hawk, and _ broad- 
winged hawk. As to numbers, they were 
always considered low. Mammalian 
carnivores noted by tracks during the 
winters and several springs when snow 
remained late are coyote, red fox, bob- 


cat, mink, long-tailed weasel, and otter. 
Although tracks of the first three have 
been seen more or less frequently, they 
were never considered abundant. The 
long-tailed weasel was judged to be 
abundant in 1948 and 1949. 

On March 19, 1950, a timber wolf 
hunt was organized on the forest by the 
local game warden. Most of the three 
hundred odd men, equipped with shot- 
guns but only about thirty snowshoes, 
were asked to keep count of all game 
seen. Snow was two feet or more in 
depth so no hunter raced through the 
area. The drive, by about 250 men, 
started at 11:00 a.m. on the three mile 
south boundary and ended at 2:30 p.m., 
two miles to the north. Two hundred and 
ninety men made verbal reports on game 
seen as they checked out of the office. 
Sixty-six (mostly on stands) saw no 
game. Two-hundred and thirty drivers 
reported seeing twelve red fox and one 
bobeat. Although there is no way to 
eliminate duplications this certainly 
indicates the predator population on 
that day. 

As a parenthetical note let it be stated 
no timber wolves were seen or shot in 
the forest. Newspaper and trade maga- 
zine stories released nationally in 1952 


TABLE 3.—NUMBERS OF RUFFED GROUSE AND SNOWSHOE HARES SEEN PER SQUARE MILE 
DurinG DEER DrRIveEs* 
CLoquEeT EXPERIMENTAL FOREST 








Number of Opinion as to Number Number 
Date Observers Coverage Grouse Hares 
ais os ackows 27 Fair 22 20 
jy tS eer 62 Excellent 90 112 
Ree ee ha ioe sas 70 Excellent 80 124 
| eT 59 Good 74 90 
RSs civisione tonnes 36 Fair 66 54 
ig 0) eee 36 Excellent 28 48 





* Based on drives covering the west half of Section 36, T 49 N, R18 W. 
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showed a picture of thirteen wolves as 
the result of the hunt. True, the picture 
was taken on the Cloquet forest at the 
end of the hunt but the wolves arrived 
very dead by pick-up from points north. 

These data are presented with the 
thought that, as a nearly continuous 
series of estimates, they may be of value 
to students of populations. Referring to 
Cole (1951) it can be seen that according 
to his definition of “peaks” (page 239) 
this phenomenon has been known to 
occur for ruffed grouse in 1933, 1942, 
and 1951—in other words, at nine year 
intervals. It is of interest to note that 
for each of these peaks the estimates 
were very close for two years in a row. 
Cole states that actual ties will give an 
apparent lengthening of the “cycles.” 
It should also be noted that a “high 
peak” (page 247) may have occurred in 
1933-1934. Snowshoe hare highs oc- 
curred at 6, 8, and 7 year intervals. A 
“high peak”’ occurred in 1935 according 
to descriptions available. In comparison 
to the ruffed grouse these peaks were 
two years later, one year later, and one 
year earlier. 
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Predator populations have not, in the 
writer’s opinion, varied sufficiently to 
account for these changes. It is also 
believed that cover conditions have been 
relatively stable, though most stands 
have, of course, grown closer to maturity 
during the twenty-five year period. 
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RAINBOW TROUT PRODUCTION IN 
DYSTROPHIC LAKES! 


Waldo E. Johnson and Arthur D. Hasler 


Department of Zoology, University of Wisconsin, Madison 


Dystrophic lakes, that is, lakes whose 
waters are highly colored with dissolved 
and colloidal humic stain and generally 
poor in nutrients, are abundant in many 
glaciated regions of the northern hemi- 
sphere. 

Throughout northern Wisconsin and 
Upper Michigan, where this research 
was conducted, there are hundreds of 
small dystrophic lakes. The native 
species of game fish most common to 
these lakes are bluegills (Lepomis macro- 
chirus), pumpkinseed (L. gibbosus), yel- 
low perch (Perca flavescens), and large- 
mouth bass (Mitcropterus salmoides). 
The largemouth bass is the only one 
avidly sought by anglers, and it is well 
known that these small lakes contribute 
very little to the sport fishery of this 
area. These species are frequently slow- 
growing or stunted. One of the chief 
reasons for this slow growth, especially 
in the deeper lakes of this type, is that 


1 This research was made possible by a grant 
from the Rahr Foundation, and through the 
generous cooperation of Mr. Guido R. Rahr, 
Chairman of the Wisconsin Conservation Com- 
mission. Acknowledgment is also made to the 
University of Notre Dame for making available 
the facilities of their property in Upper Michi- 
gan; and to Mr. J. Bruce Allen of Chicago, 
whose interest and financial aid in the research 
carried on at the Notre Dame property made 
the work there possible. We are indebted to 
Dr. and Mrs. Lester E. Frankenthal, Chicago, 
for making available Lake Katharine for our 
studies. Gratitude is expressed to Professor 
John C. Neess for counsel on statistical 


analyses. 


the fauna is dominated quantitatively 
by the zooplankton—a food which these 
species utilize poorly, except in early 
stages of life. These lakes would be more 
productive, and of more value to sport 
fishery, if they were producing a desir- 
able species of game fish which could 
utilize zooplankton as food. The rainbow 
trout (Salmo gairdnerii), which can feed 
on zooplankton throughout its life and 
hence utilize more efficiently this pre- 
dominant food, is such a game fish. 

The object of the present research has 
been to determine the level of carrying 
sapacity of these small dystrophic lakes 
for pure populations of rainbow trout, 
and to analyze the factors governing 
growth and carrying capacity. 

The scheme of these field experiments 
has been to observe the growth of trout 
and follow the vital statistics of estab- 
lished trout populations at various levels 
of standing crop, including levels above 
sarrying capacity. We are interpreting 
the carrying capacity of these lakes as 
the maximum weight of standing crop 
of trout which they will support with an 
established minimum rate of growth per- 
sisting, that is, a rate of growth which 
will provide fish of a desirable size to 
the sport fishery. 

Hasler, Brynildson and Helm (1951) 
have described increased water-trans- 
parency and increased volume of habit- 
able water resulting from alkalization 
of dystrophic lakes with hydrated lime. 
One of the long range objectives of this 
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research is to determine the biological 
effects of such alkalization. 


DESCRIPTION OF THE LAKES 

Five of the lakes, Peter, Paul, Petrea, 
Bluegill, and Katharine, are located near 
the Upper Michigan-Wisconsin bound- 
ary in Vilas County, Wisconsin and 
Gogebic County, Michigan. Lake Turk 
is located in Chippewa County, Wis- 
consin. They lie in a region of terminal 
moraine, in an area of second growth 
northern hardwood forest and at eleva- 
tions of 1600-1700 feet. They are all 
seepage type, kettle lakes of glacial 
origin and have very small catchment 
basins. All lakes had their resident fish 
populations removed with rotenone be- 
fore establishment of trout populations. 
Some hydrographic, chemical, and phy- 
sical data for the three lakes with which 
this paper is primarily concerned are 
given in Table 1. 

Lakes Peter and Paul were originally 
one lake consisting of two basins con- 
nected by a short channel. Physical and 
chemical conditions (Table 1 and Fig. 2) 
in the two basins were identical in two 
observations made during the summer 
of 1950. These two basins were sepa- 


rated to form the present two isolated 
lakes by construction of an earthen bar- 
rier across the connecting channel in 
May, 1951 (Fig. 1). After separation, 





Z 


Fic. 1. Aerial view of Lake Paul (left) and 
Lake Peter, showing the separating barrier. 


Lake Peter received lime treatment and 
alkaline conditions (pH 7-8) have been 
maintained since that time by occasional 
additions of hydrated lime. Thus, Lake 
Peter serves as a lime-treated lake with 
untreated Lake Paul as a natural con- 
trol. An attempt has been made to 
maintain approximately equal levels of 
standing crop of trout in the two lakes. 
Both lakes have moderate bog develop- 
ment around their margins. 


TABLE 1.—HyproGrapuic, CHEMICAL, AND PuysicaL Data ror LAKES PETER, PAUL, AND PETREA 
Mean depth to 

which 1% of 

Ave. Max. Bicarbonates | surface light is 

Area Depth Depth (as CaCO ;) transmitted ** 
Acres Hectares Ft. M. Ft. M. pH mg./L. Feet Meters 

Lake Paul... 3 1.2 19.7 6 47.0 14 5.9 5.8 8.9 2.7 
Lake Peter... 6 2.4 26.2 8 65.5 20 ee 19.5 14.1 £2 
5.9* ae 8.9* re ge 

Lake Petrea. 3 1.2 16.4 5 4:6 7.6 <2 17.0 pe. 2.2 
47° 2.0" 6.6* 2 .0* 


* Value before lime treatment. 





** As measured with the Whitney photoelectric light meter. 





— 
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Lake Petrea lies in the center of a 
small black spruce and tamarack bog. 
The entire shore-line is composed of a 
tangled mat of Sphagnum, leather-leaf, 
Andromeda, and wild cranberry. This 
lake was barren of fish prior to stocking 
with trout in 1951. 

The other lakes are also dystrophic 
and similar in character to those of 
Table 1, but vary in size from 8 to 18 
acres. They have been treated with lime 
and alkaline conditions have been main- 
tained by occasional additions of lime; 
they have shown the same effects of 
lime treatment as Lake Peter (Table | 
and Figs. 2 and 3). They all have bog 
development on at least a part of their 
shorelines. 

Typical midsummer thermal and oxy- 
gen conditions for Lakes Paul, Peter, and 
Petrea are given in Figs. 2-4. These 
conditions prevailed from mid-May until 
late September during 1951 and 1952, 
with temperatures of the epilimnion 
varying from 13° to 22°C. Warmest 
water temperatures were in July. Due 
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Fig. 2. Typical midsummer thermal and oxy- 

gen conditions for Lake Paul (and Lake Peter 

before alkalization with hydrated lime). 

*\Mean depth to which 1% of surface light is 
transmitted. 

















OXYGEN (MG./L) 
ae ee ee Ss 
1 T 7 ! T T T t l 
| 
2 
x 3 = 
uJ WwW 
i 4 "1 
= x 
x° 
3 a 
ti © a 
a 
; 
8 
9 1 i i it 1 1 L 
3 6 9 12 I5 18 21 
TEMP. °C 


Fic. 3. Typical midsummer thermal and oxy- 

gen conditions for Lake Peter since alkalization 

with hydrated lime. *Mean depth to which 
1% of surface light is transmitted. 
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Fig. 4. Typical midsummer thermal and oxy- 
gen conditions for Lake Petrea before and since 
alkalization with hydrated lime. *Mean depth 
to which 1% of surface light is transmitted. 


to their great depths as compared with 
surface area, Lakes Paul and Peter seem 
to have complete circulation only rarely ; 
the fall overturn in October 1952 was 
the only complete circulation since con- 
centrated study began in the spring of 
1951. 

Midsummer thermal and oxygen con- 
ditions in all other lakes were similar to 
Lake Peter after lime treatment (Fig. 3), 
the depths of their epilimnions varying 
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slightly, depending on surface area, ex- 
posure to wind action and transparency 
of the water. 


Trout PopuLaTiIons 

The mathematical formulation for bio- 
logical productivity as provided by 
Clarke, Edmondson, and Ricker (1946) 
and developed by Ricker and Foerster 
(1948) for computing production of 
young sockeye salmon of Cultus Lake, 
British Columbia was used to calculate 
the vital statistics essential to this study 
of trout populations. 

In order to carry out such computa- 
tions for a period of time within which 
growth and mortality change seasonally, 
the following information is necessary 
for each age-group of fish (Ricker and 
Foerster, 1948): 

1. Number and total weight of fish 
present at any one time during period. 

2. Rate of growth during successive 
short intervals within period. 

3. Rate of mortality during corre- 
sponding intervals. 

After examination of growth curves 
and distribution of fishing mortality, as 
well as probable causes of natural mor- 
tality, it was concluded that it would 
suffice to divide each year into semi- 
monthly intervals from mid-May to 
mid-October, and treat the remainder of 
the year, when growth was negligible, 
as one period. 

The first requirement was satisfied by 
stocking each spring a known number 
and weight of 6- to 7-inch trout of age- 
group I. Fortunately, the fact that trout 
do not reproduce in these lakes elimi- 
nated the estimation of the very difficult 
statistic of recruitment which was con- 
trolled as desired by stocking. 

The second requirement was satisfied 
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from growth curves based on weights of 
fish taken by angling and fyke net cap- 
tures. A complete census of angling was 
sarried out on all lakes and all trout 
taken by angling were kept, regardless 
of size, to avoid selection of larger fish. 
Simultaneous fishing with fyke nets sug- 
gested that a random sample was taken 
by angling. From each growth curve, the 
instantaneous growth rate (k) for any 
time interval was obtained by taking 
the difference between natural logar- 
ithms of mean weights at the beginning 
and end of that time interval. 

The third requirement was satisfied 
in the following manner: 

Mortality due to fishing was obtained 
from creel census on each lake. 

Natural mortality rates were esti- 
mated by making population estimates, 
by the Petersen mark and recapture 
method, for the times designated in 
Figs. 5-7. All marking was done by fin- 
clipping. Fish marked for the population 
estimate in Lake Peter for May 1952 
were taken by fyke nets, and returns 
from angling during the ensuing sum- 
mer provided the sample on which the 
estimate was based. Fish marked for the 
estimates of October 1952 were all caught 
by the authors by angling with barbless- 
hooked flies, and samples on which these 
estimates were based were captured by 
fishing with gill nets under the ice during 
the following three months. The suitabil- 
ity of this method for estimating these 
trout populations was tested by marking 
20 per cent of the trout stocked in five 
of these lakes in May 1951; in all lakes, 
the percentage of marked fish appearing 
in the creel census during the ensuing 
summer did not vary by more than four 
percentage points from the percentage 
marked. This observation indicates that 
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mortality was the same for marked and 
unmarked trout, and that the angling 
sample was unbiased. 

The estimate for mid-May 1952 in 
Lake Peter was made in order to ap- 
praise natural mortality for the year 
since the date of original stocking. On 
the basis of this estimate of natural 
mortality (61 per cent of the number of 
age-group I trout stocked), similar rates 
were assigned to the other lakes of the 
area with the exception of Turk Lake 
where natural mortality was regarded 
as negligible due to scarcity of predators 
and the fact that fishing pressure was 
sufficient to cause a 60 per cent annual 
mortality rate. Eighty percent of this 
natural mortality was assigned to the 
period mid-May to mid-October and 
assumed to be equally distributed as to 
number of fish lost each semimonthly 
period; the remaining 20 percent was 
assigned to the rest of the year and 
assumed to be uniformly distributed 
over this period. 

Because diseases were not observed 
in any of the trout from these lakes, 
natural mortality was attributed to 
predation by merganser, kingfisher, 
great blue heron, osprey, loon, otter, 
and snapping turtle. Since all of these 
predators, except otter, are present or 
active only from approximately mid- 
May until mid-October, most of the 
mortality was assigned to this period. 
Abundance of these predators on the 
lakes was such that predation could 
easily account for the total mortality 
estimated. Observations on abundance 
as well as sears left on trout (White, 
1939) lead us to suspect that mergansers 
are the most serious predators. Further- 
more, the differences in estimated nat- 
ural mortality from lake to lake corre- 


sponded with the amount of predator 
activity observed. 

Kstimates of natural mortality for the 
period mid-May to mid-October 1952 
in Lakes Peter, Paul, and Petrea were 
based on population estimates made for 
mid-October 1952 in each of these lakes. 
Comparable rates (82-60 per cent for 
age-group I trout and 15-19 per cent for 
age-group II trout) were assigned to the 
other lakes of the area. 

Future studies will attempt to analyze 
the true seasonal distribution of natural 
mortality, as well as to determine the 
principal predators or other causes of 
natural deaths. 

From the basie data on fishing and 
natural mortality, the survival rate (s) 
for each time-interval was obtained by 
dividing the number of fish remaining 
at the end of the interval by the number 
present at the beginning; from these 
survival rates, the instantaneous mor- 
tality rates (i) were obtained using the 
tables of Ricker (1948, pp. 98-101). 

With the three essential requirements 
satisfied, the following computations for 
each age-group were made, based on the 
method of Ricker and Foerster (1948). 

Weight of standing crop at time of 
stocking was known, and weight of 
standing crop at the end of successive 
intervals was obtained by successive re- 
application of the following formula: 


In SC. = In SC, + (k—1) (1) 


Average weight of standing crop dur- 
ing each time interval was obtained 
from: 

oe SC, (ek-i—1) 2 
—— I - 
In formulas (1) and (2): 

SC, = weight of standing crop at be- 

ginning of interval. 
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SC. = weight of standing crop at end 
of same interval. 
SC, = average weight of standing 
crop during that interval. 
k = instantaneous growth rate dur- 
ing that interval. 
i = instantaneous mortality rate 
during that interval. 
In = the natural logarithm of 
[The solution of formula (2) was simpli- 
fied by use of the tables of Ricker (1948, 
pp. 98-101) where numerical values are 
given for ln 
k—i 
from —2 to +2. In these tables, k—i is 
represented by i (the first column). Nu- 
(ek-i—1) 


c—1 


) , 
over the range of k—1 


merical values of the relation 


for negative values of k—i are read in 
column 4, and for positive values of k—i 
are read in column 5.] 

Production for each interval was esti- 
mated by the product of average stand- 
ing crop and instantaneous growth rate 
during that interval. 

These computations were carried out 
for each age-group of trout in each lake 
since the time they were stocked, for 
each semi-monthly interval from mid- 
May to mid-October, the remainder of 
each year being treated as one interval. 

The histories of the trout populations, 
as determined by this procedure, are 
given in Figures 5, 6 and 7 for the 
three lakes with which we are principally 
concerned. 

Whenever hatchery-reared trout of 
age-group II were stocked, an initial 
loss in weight was noted and consider- 
able time elapsed before they began to 
grow (Figs. 5 and 7). Similar observa- 
tions have been noted by Miller (1951) 
in stocking older hatchery-reared trout 


in streams. It seems that older hatchery- 
reared trout must go through a consider- 
able learning process before they become 
oriented in the natural environment. It 
is believed that these trout do not offer 
effective competition during this period 
of orientation. For this reason, the total 
standing crop of trout in Lake Paul 
from time of stocking to mid-July, 1952, 
as shown in Fig. 8, probably indicates a 
much higher degree of competition than 
was effective. 


Tue RELATIONSHIP BETWEEN STANDING 
Crop or TRoUT AND GROWTH 


An inverse relationship between total 
standing crop of trout and growth of 
age-group I trout, except at lower levels 
of standing crop, is obvious in Fig. 8. 

This relationship is expressed irre- 
spective of the differences in age-group 
composition of trout populations of 
Lakes Paul, Peter, and Petrea during 
1952 (Figs. 5-7).1 This indicates that 
individual trout were competing in pro- 
portion to their size; that is, the larger 
the trout, the more food and space re- 
quired. The expression of standing crop 
as weight throughout this paper assumes 
this to be true. However, this is no 
serious assumption considering the small 
size range of trout with which we are 
dealing. Further evidence that competi- 
tion is not age-specific is given by the 
fact that no significant differences in diet 
of trout of different ages was noted in 
analysis of stomach contents. This ob- 
servation is substantiated by similar 
observations by Brynildson and Hasler 


1 All lakes of Fig. 8 during 1951 and Lake 
Katharine during 1952 had only trout of age- 
group I. (Data for Lake Petrea during 1951 are 
not included in Fig. 8 owing to late stocking 
that vear.) 





Ratnpow Trout in Dysrropuic Lakes—Johnson and Hasler 119 




















































































































































































































































































ry- GE a i oo ee WN SH se WS ES 
. TROUT STOCKED: tt —_ Tt —_4 100 
er- ~ “an 150 PER ACRE - AGE GROUP I 
eo 2 8 6 TO 7 INCHES (TOTAL LENGTH) = 
f WwW 
It f & Gj 70-4 TROUT STOCKED: cr 
§ w & eo 2 300 PER ACRE, AGE GROUP I, 6 TO 7 INCHES Pe 
fer og& 97 PER ACRE, AGE GROUPIJO TO 1! INCHES S 
iod Ot 50 i* MARKING FOR POPULATION ESTIMATES |_| _ _ 
tal ow 40 "45 - 
oa *., > > 
vl = 5 30}— i. Fs 
20 TOTAL (ALL AGE GROUP I) ae < 
59 a aes 4 1 4 ’ 4 a 
D2, <= 20 a ae AGE GROUP I 420 © 
y ' ' ’ a 
von — WINTERKILL > > — “ + |. 410 5 
an oe oe ee ee = se se ™ a 
ow +++ +--+ = | fe) 
i | t, f, _ 
s 
om 10F a 
o i | = a ee a + 250 u S 
— 8F in li b 
My 1b oe = |; | 200 & 5 
tal S 6F Y aon ie oe oe ee oe ee ee “AGE GROUP I_| Oa 
a = + + ws4i5o Te 
2 — 7 AGE GROUP I | [7 wr 
of — 4b ne. i = Pe | od —tioo za 
] . a PS aes ! s 2 
els | AGE GROUP I a 
2 } + + - : 50 ws 
MlototATS TOITNID|JIFIMIAIMluvlvlAITsto =5 
I95111952 2 
re- 
up Fig. 5. History of the trout population of Lake Paul. 
of 
ng 
at T T T T | T | 
90}~ } TROUT STOCKED: 100 __ 
- 150 PER ACRE-AGE GROUPI, | _ = & Joo 2 
er ) & 80}+——— 6 TO 7 INCHES (TOTAL LENGTH) 4 
J oom 4 J Pong 
e- & i 7014 TROUT STOCKED: —— aie 80% 
Tn 300 PER ACRE-AGE GROUP L_ 5 5 5g j70% 
op o< Or 6 TO7 INCHES TOTAL - 
= ee 
es Sa Ort. {, MARKING FOR POPULATION ESTIMATES AGE GRouPI TI, & 
nC Ow 40 Rcedceen pier nara Gee ee Ot Pe ee 
) o2 ta 440 a 
l z= 4 a 
il => 30 — —— es ; oO 
SF L(ALL AGE GROUP I) 30 9 
re < ~ 20}— = —+—+ +—J20 & 
“" ; ~—..|____ AGE GROUP 1 * 
10 = ee ee ee ee ert rrr a 10 
1e ol {| | | fo 
et { 2 3 an 
= 
“ |} pf __}__}__}__+___ - 4300 @ 
b- rt; + | ff £ £ FE 8 SS 8 Biren a & 
— 7 7-7 AGE GROUP I 7250 O, 
uw a ef ae &3 
“ ae | == SS ea -——>—_++—_}— 4200 oe 
z aa == 21 inna aa Se | —Jis0 5 
& al =~ AGE GROUP I eae zs 
ce or ae i [_ a an a wee ie cl —1'00 464 
e- a: oe oe on on co oe co ee oe __| ~—“ AGE GROUPI | __J5q =z 
re MlotlotATSTOINID|vIFIMIATMIylvlAlsio z 
1951/1952 





Fic. 6. History of the trout population of Lake Peter. 





120 JouRNAL OF WILDLIFE MANAGEMENT, VOL. 18, No. 1, JANUARY 1954 


































































































































































































T T T 
90}/—_}+—_+—_ —$—1—_- + — - -——~ - TOTAL 1005 
aa | a 
— _ — — _ —EE — a — —EE _ 9 
o- ” TOTAL ° “ 
~ & 70 ‘coo i pn 
ut ae | == _370 
awW 460 a 
AGE GROUP I 
on 50 Jr aa —e——— ee ee wee ee es ees, seeees AGE GROUP IL ie) = 
OD oo = , 7 | 7 suena” ven letonsinaniiad Ej 
25 i 17 | | dao & 
5 & 30f— | ne AGE GROUP IL 1— SAGE GROUP 1[=A39 9 
z~- J, 8 ee cee e corcseecococesececceeccscoceccccces oe sal | al “| = 
= 20-— T ee re ao = 
o me | e GROUP IIL 1° 
+ | = es 
ie) — Y—s> —— —__+__t___ \ }_—____— | - —d (8) 
ROUT STOCKED: TROUT STOCKED: =e FOR 
150 PER ACRE, AGE GROUP I 220 PER ACRE, POPULATION a 
6 TO7 INCHES (TOTAL LENGTH) AGE GROUP I ESTIMATES = 
75 PER ACRE, AGE GROUP I 6 TO7 INCHES, | | | | = 
10F 10 TO Il INGHES (TOTAL LENGTH) et ep ee ee ee ee x 
cotroomet ccenataaesnnsansenegnnssnenseneees L scrrebesusemsseccces aa GROUPE | - 
Be |_| Pit tete ee eeeee | 1 j Ks 
a AGE GROUP I ae 20068 
Ww 6b | | [ae ee oe oe ee AGE GROUP I iso EE 
2 i: l 14 | 22 
oS 4k ot ae AGE GROUP I_1- 4/00 ws 
~ 7 ‘AGE GROUP I ; | ae a 
2 , eee ho 50 Z> 
MI J STATSTIGOINTIOTS FIMITATMIT J 1TuvtTAtTS 1 O wi D 
195111952 == 





Fic. 7. History of the trout population of Lake Petrea. 


(1952) for the rainbow trout of Lake rate (k) is shown in Table 2. But also, 
Turk, Wisconsin, and by Larkin et al. it is evident that such a relationship is 
(1950) for the Kamloops trout of Paul not proportional; a doubling of size of 
Lake, British Columbia. 
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standing crop does not result in halving 
of instantaneous growth rate. This in- 
dicates that production is almost limit- 
less, within reason, when no require- 
ment is placed on growth, and points out 
the fallacy of any usable interpretation 
of carrying capacity based on produc- 
tion. 

Interpreting carrying capacity as 
maximum standing crop at which a rate 
of growth persists which will provide 
fish of a desirable size for the sport 
fishery, enables us to determine a defi- 
nite carrying capacity from the relations 
shown in Fig. 8 and Table 2. For ex- 
ample, if the rate of growth of the trout 
in Lake Peter during 1952 is established 
as the minimum rate of growth to pro- 
duce trout of a desirable size, the carry- 
ing capacity for a pure population of 
rainbow trout is approximately 50 
pounds per acre. Obviously, carrying 
capacity, so interpreted, depends upon 
growth rate established as the minimum 
to produce desirable fish. However, from 
these results, 50 pounds per acre seems 
to be a reasonable level for good growth. 

Having shown that there is a definite 


inverse relationship between total stand- 
ing crop of trout and growth rate of 
trout in these lakes, except at lower 
levels of standing crop, and that this 
phenomenon can be used to establish a 
meaningful and useful level of carrying 
capacity, the problem of analyzing the 
sauses of this relationship arises. What 
are the ecological factors responsible for 
this limited capacity of the environment? 
It was felt that this question could be 
best answered by an analysis of factors 
believed principally to determine growth 
of trout in these lakes. 


TEMPERATURE AND LENGTH OF 
GROWING SEASON 


Temperature during, and length of the 
effective growing season presumably 
regulate the level of growth of fish with 
the availability of ample food. The com- 
mon high growth rate of trout, in all 
lakes where standing crop did not exceed 
an estimated 28 pounds per acre, indi- 
cates that trout under these conditions 
were living under the best conditions the 
lakes had to offer (Fig. 8, Table 2). It 
was felt, therefore, that effect of tem- 


TABLE 2.—RANGE OF TOTAL STANDING Crops or TrRouT IN PoUNDS PER ACRE AND KILOGRAMS 
PER HecTArRE, INSTANTANEOUS GROWTH RatTEs (K) oF Trout oF AGE-GROUP I, AND PRODUCTION 
IN PoUNDS PER ACRE AND KILOGRAMS PER HECTARE OF TROUT FOR THE TIME-INTERVAL 


BETWEEN May 20 AND NOVEMBER | 





Range of Total Standing 


Crop of Trout 


Production of Trout 








pounds kilograms k pounds kilograms 
Lake and year per acre per hectare (age-group I) per acre per hectare 
Bluegill—1951.......... 9-17 10-19 1.2? ba 19* 
Peter and Paul—1951 
and Katharine—1952 . 17-28 19-30 1.27 27-30* 30-34* 
Poter—1082......... 05. 45-56 51-63 1.05 54°* oi** 
Petrea—1952........... 84-92 94-103 0.84 io" 84** 








* Actual estimates, no higher age-groups present. 
** Production if entire population was composed of age-group I trout. 
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perature and length of the growing sea- 
son could be best demonstrated by com- 
paring growth of age-group I rainbow 
trout in lakes where standing crop fol- 
lowed a similar seasonal pattern, and 
did not exceed 28 pounds per acre, but 
where temperature and length of the 
growing season were different. This com- 
parison is presented graphically in Fig. 9, 
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pottern of seasonal distribution of 
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Fig. 9. Mean water temperatures (0-2 meters) 
and instantaneous growth rates (k) of age- 
group I rainbow trout for semimonthly periods. 
The hypothetical case for constant growth is 
shown because of the nature of instantaneous 
growth rates: the larger the fish, the smaller 
the instantaneous growth rate (k) per unit 
gain in weight. 


which gives the seasonal distribution of 
instantaneous growth rate (k) and the 
corresponding water temperatures for 
lakes of two climatically different re- 
gions: Lake Turk is representative of the 
area of Chippewa County, in west cen- 
tral and Lakes Paul and 
Peter are representative of the northeast 
Wisconsin-Upper Michigan area, (see 
Figs. 10 and 11). 

In Lake Turk, it appears that high 
water temperatures adversely affected 
growth from early June until late Au- 
gust, 1951. In Lakes Paul and Peter, 
this adverse effect was of much shorter 


Wisconsin, 
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duration—early July until late August. 
However, when total length of the grow- 
ing season is considered, this difference 
in length of the mid-summer period of 
high temperatures is partially compen- 
sated for by earlier warming of waters 
in spring and later cooling in fall in the 
Lake Turk area. That there is a differ- 
ence in total effect of temperature and 
length of growing season in these two 
areas is indicated by a difference in total 
instantaneous growth rates for trout of 
age-group I for the time interval indi- 
cated in Fig. 9; total k for this period 
was 1.07 for Lake Turk trout and 1.27 
for Lake Peter and Lake Paul trout, 
even though Lake Turk trout were 
stocked two weeks earlier. Similar dif- 
ferences, in pattern of growth and total 
growth of rainbow trout, have been con- 
sistently noted between all similar lakes 
of these two general areas. Figs. 10 and 
11 show the climatic differences of these 
two areas. 


AVAILABILITY OF Foop 


During the summer of 1952, quantita- 
tive studies of zooplankton were carried 
out on Lakes Paul, Peter, and Petrea in 
an attempt to determine the role of 
availability of food in growth of trout. 
Lakes Paul and Peter are located side 
by side and Lake Petrea within three 
miles, so that differences in trout growth 
from lake to lake due to the effect of 
temperature and length of growing sea- 
son, for any one year, can be considered 
negligible. 

Analyses of stomach contents have 
shown that the trout in these lakes feed 
almost exclusively on zooplankton from 
May through October when most of the 
growth is achieved. Therefore, these 
quantitative estimates of food were re- 
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Fic. 10. Wisconsin, average July air tem- 
perature (° Fahrenheit). Climate and Man, 
Yearbook of Agriculture, 1941. A—Lake Turk 
area. B—Northeast Wisconsin-Upper Michi- 

gan area. 


stricted to zooplankton, in agreement 
with the basic thinking of Ivlev (1945) 
that it is far better to consider only the 
dominant food organisms than to be- 
come hopelessly lost in a desire to in- 
clude every group of organisms en- 
countered in the trout stomachs. 

The scheme of these food studies was 
to make periodic estimates of the stand- 
ing crop of zooplankton, assuming that 
their density determines their availabil- 
itv as food for trout, and from this, to 
arrive at an index of density of the 
zooplankton, by dividing the total 
standing crop of zooplankton in grams 
per square meter by the depth of the 
“living zone” in meters. The living zone 
is that depth of water in which there is 
more than three milligrams of oxygen 
per liter of water (Table 3). 


Fic. 11. Wisconsin, average number of days 
without killing frost. Climate and Man, Year- 
book of Agriculture, 1941. A—Lake Turk area. 
B—Northeast Wisconsin-Upper Michigan area. 


Plankton samples were taken with a 
Clarke and Bumpus plankton sampler 
equipped with a net of No. 2 bolting silk 
and a No. 2 collecting cup. Each esti- 
mate of standing crop and density 
(Table 4) was based on samples taken 


TABLE 3.—MEAN Deptu or ‘“‘LivinG ZONES”, 
IN METERS FoR LAKES Pavt, PETER, 
AND PEeTtREA, 1952 








Lake Lake Lake 








Date Paul Peter Petrea 

1-15 Jume...... 3.4 4.8 Bid 
16-30 June... aad 5.1 2.9 
1-15 July... 3.5 5.0 2.7 
16-31 July.. 3.5 5.0 2.6 
1-15 Aug........ 3.5 5.0 2.6 
16-31 Aug... oo 5.0 2.6 
1-15 Sept.. 30 5.0 3.0 
16-30 Sept.. 4.0 5.0 3.8 
1-15 Oct... 5.0 6.0 4.0 
6.0 8.0 4.0 


16-31 Uet.. ..2.4. 
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and treated in the following manner: 
Horizontal tows of from two to four 
minutes, at speeds within the calibrated 
optimum range of the sampler, were 
made at random about the lake at one- 
meter levels down to a depth where 
plankton was no longer encountered. 
This depth corresponded in all cases 
with the depth of oxygen depletion. 
Duplicate made at each 
meter-level. The samples taken in each 
tow were treated separately and pre- 
served immediately in 70 per cent 
alcohol. All samples were taken into the 
laboratory, placed into previously dried 
and weighed aluminum foil dishes, and 
dried to constant weight at 60°C. in an 
electric oven. Seventy-two hours was 
found to be a sufficiently long period for 
drying to constant weight at atmospheric 
pressure; drying in a vacuum desiccator 
at 60°C. was found to yield only a saving 
in time for drying. After drying, samples 
were placed in desiccators over an- 
hydrous magnesium perchlorate for 24 
hours and then weighed on a chaino- 
matic balance to the nearest 0.1 milli- 


tows were 
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gram. From these weights and the 
volume of water filtered in obtaining 
each sample, the dry weight per unit 
volume was calculated for each sample. 
Averages for duplicate samples gave the 
estimate of standing crop for that depth. 
The sum of such estimates for each 
meter-level gave the estimate of total 
standing crop for each date of sampling 
(Table 4). Extremely small variation in 
estimates from duplicate tows made at 
each meter lend high confidence in these 
estimates of standing crop. 

Qualitative samples were taken on 
ach date of sampling by towing for one 
minute at each meter level. These 
samples show no significant difference, 
at any time, in species composition of 
zooplankton of Lakes Paul and Peter; 
all samples were dominated by Daphnia 
longispina which accounted for 70 to 90 
per cent of the total. This same species 
was dominant to a similar extent in the 
Lake Petrea samples up through August 
2, and shared dominance with a large 
species of Diaptomus in all samples taken 
after that date. Principal minority 





TaBLe 4.—EstimMates or ToTaL STANDING Crop or No. 2 Net ZOOPLANKTON EXPRESSED AS 
Grams Dry WeiGcut PER SQUARE METER OF LAKE SURFACE, AND THE 
INDEX oF Density (D) For Eacu Sucu Estimate. 1952 
Lake Paul Lake Peter Lake Petrea 
Gms. Gms. / Gms. / 
Date Sq. M. D Date Sq. M. D Date Sq. M. D 
4 June..... 0.47 .14 3 JUNe....i. 0.99 ‘Se reese ee a 
19 Jumne..... 0.33 .09 19 June..... 0.66 SE Acar Bela mined bet ie 
6 July...... 0.81 .23 6 July...... t . 37 27 30 June. 0.70 26 
21 July 0.75 21 21 July...... 0.46 09 17 July...... 0.43 17 
6 Aug.. 0.44 a 5 Aue. .....0: 0.63 13 (0 ee 0.31 .12 
28 Aug. 0.36 10 28 Aug. . 0.62 12 27 Aug....... 0.4% 22 
18 Sept...... 0.82 21 18 Sept...... 0.75 17 16 Sept...... 1.37 36 
$f Oct..... 1.09 22 4 Oet....... @.64 09 4 Oet....... O.% 19 
1 Nov.... 0.67 11 1 Nov...... 1.31 16 t Nov....... §.36 29 
Mean..... 0.64 16 


0.81 15 0.77 .23 
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groups were Cyclops and Bosmina in 
Lakes Paul and Peter, and Cyclops in 
Lake Petrea. Rarities were Diaptomus 
in Lakes Paul and Peter, Holopedium 
gibberum in Lake Peter, and Chaoborus 
and Hydracarina in all three lakes. 

Daphnia longispina similarly domi- 
nated in trout stomachs at all times in 
Lakes Paul and Peter, and up until 
mid-August in Lake Petrea, after which 
it shared dominance in trout diet with 
the large species of Diaptomus. 

Occurrence of extraneous materials 
and filamentous algae in these qualita- 
tive samples was so slight that interfer- 
ence from such in estimates of standing 
crop was regarded as negligible. 

The method by which quantitative 
samples were handled led to the follow- 
ing conclusions and assumptions regard- 
ing vertical distribution of zooplankton 
in these lakes. Zooplankton in all three 
lakes, although distributed throughout 
the “living zone,’ was most concen- 
trated near the surface, and the degree 
of such concentration varied inversely 
with the depth of the “living zone”’ 
(Table 3). In other words, total standing 
crop is not indicative of density of zoo- 
plankton organisms, due to differences 
in the depth of the “living zone,” from 
lake to lake, and from season to season 
within each lake. 

The same general pattern of seasonal 
fluctuation in total quantity and density 
of zooplankton shown by all three lakes 
gives us confidence in the assumption 
that sampling was carried out at fre- 
quent enough intervals to show distinct 
fluctuations in zooplankton populations. 

Results indicate that there exists a 
critical level of density of zooplankton 
organisms below which their availability 
as food becomes a limiting factor in 


growth of trout. Of special interest in 
this respect is a comparison of rate of 
growth of age-group I trout in Lakes 
Paul and Peter beginning in early Sep- 
tember 1952. Referring to Fig. 8, it is 
noted that there was a significant differ- 
ence in growth of trout of these two 
lakes from this time through mid- 
October. During the same period there 
was a corresponding significant differ- 
ence in density of zooplankton in these 
two lakes (Table 5), while standing crop 
of trout and other factors here considered 
as main determiners of growth of trout 
were essentially the same. It seems logi- 
cal that this difference in growth of 
trout, in these two lakes during this 
period, can be attributed to the differ- 
ence in availability (density) of food 
(zooplankton). It would follow that the 
critical level of zooplankton density 
under these conditions lies between the 
indices of .13 and .20. Unfortunately, 
there are no other periods over which 
such comparisons of growth and food 
density can be made with all the other 
factors (standing crop, temperature and 
size of trout) remaining the same in two 


lakes. 
COMPETITION 


In spite of an equal or greater density 
of the zooplankton in Lake Petrea than 
in either Lake Peter or Lake Paul, 
growth of trout was much slower in Lake 
Petrea than in either of the latter lakes 
during the summer of 1952 (Fig. 8 and 
Table 5). This may have been due to an 
increased demand for food and poorer 
conversion of food to flesh as a result of 
increased activity caused by more fre- 
quent contacts with other fish. 

On the other hand, perhaps poor 
growth in Lake Petrea, at an extremely 
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high level of standing crop, is due to a 
decreased rate of feeding and lessened 
activity as a result of some sort of ten- 
sion caused by extreme overcrowding 
in space. 

Gill netting and angling experience on 
all the lakes showed that trout were 


TaBLe 5. 
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usually concentrated near the surface 
where zooplankton density was greatest. 
With a concentration of food in a small 
part of the volume of habitable water, 
and the tendency of all trout to seek out 
the area of greatest food concentration, 
extreme crowding in space seems feasible 


INSTANTANEOUS GrowTH Rates (K) oF AGE-GRoup I Trout For SeMmI-MONTHLY 


PERIODS, TOGETHER WITH AVERAGE INDEX OF ZOOPLANKTON-DENsIty, AVERAGE ToTAL 
SranpING Crop or Trout IN PoUNDs PER ACRE, AVERAGE TEMPERATURE (C), AND 
AVERAGE WEIGHT OF TROUT AT THE BEGINNING OF EAcu PERIOD 


Average 
Zooplankton 


Semi-monthly Density 

Period k Index 
1-15 June..... .183 13 
16-30 June. 141 13 
1-15 July .O88 .22 
16-31 July... 024 20 
Lake 1-15 Aug... . .034 13 
Paul 16-31 Aug. . 128 ep 
1-15 Sept.. .149 17 
16-30 Sept. 159 .22 
1-15 Oct. 11] .20 
16-31 Oct. 045 13 
1-15 June..... .183 .19 
16-30 June. . 141 17 
1-15 July.... O88 21 
16-31 July. 024 ll 
Lake 1-15 Aug... 034 .12 
Peter 16-31 Aug.. 128 .12 
1-15 Sept...... .114 13 
16-30 Sept... 068 13 
1-15 Oct....... .065 ey 
16-31 Oct....... .061 .14 
1-15 July.. 095 21 
16-31 July. .000 15 
1-15 Aug. ws« «089 15 
Lake 16-31 Aug. . .126 .20 
Petrea 1-15 Sept...... .147 .30 
16-30 Sept. .. . 108 .30 
1-15 Oct.... 059 21 
16-31 Oct.... 056 .20 


Average Total 
Standing Crop 


Ave. Weight 
of Trout 


Average 
Temperature 


of Trout (0-2 M.) (Age-group 1) 
Pounds per Acre 5S Grams 
3i* 17.0 55 
10* 19.0 66 
70 21.0 76 
66 21.5 83 
60 20.0 85 
57 19.0 88 
56 16.0 100 
55 14.5 116 
53 12.0 136 
52 10.0 152 
51 17.0 5d 
54 19.0 66 
56 21.0 76 
55 21.5 83 
52 20.0 85 
51 19.0 838 
53 16.0 100 
54 14.5 112 
54 12.0 120 
54 10.0 128 
88 21.0 60 
86 21.5 66 
85 20.0 66 
86 19.0 67 
87 16.0 76 
88 14.5 88 
89 12.0 98 
90 10.0 104 


* The standing crop of age-group I trout only, (the remainder of the standing crop was com- 
posed of hatchery-reared trout of age-group II which had been recently stocked). 
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in these lakes at very high levels of 
standing crop. Extremely poor angling 
success on Lake Petrea during the sum- 
mer of 1952, as compared with 1951 and 
the other lakes during both 1951 and 
1952, gives support to this possibility of 
a decreased rate of feeding as the cause 
of slow growth. 

However, regardless of mechanisms 
involved, or what we call this competi- 
tive factor, the trout population, as it 
increases in weight, becomes increasingly 
important as a factor determining 
growth. 


MULTIPLE AND PARTIAL CORRELATIONS 
OF PRINCIPAL ECOLOGICAL FACTORS 
Wir GrowTu Rate 

Weight of standing crop of trout (as 
a measure of the degree of competition), 
zooplankton density (as a measure of 
availability of food), temperature, and 
size of trout (the smaller the trout, the 
greater the instantaneous growth rate 
per unit gain in weight) are considered 
principal factors determining growth of 
trout in these lakes. The instantaneous 
growth rate (k) of age-group I trout and 
the value of each of these four factors 
for semi-monthly periods during the 
summer of 1952 for Lakes Paul, Peter 
and Petrea are listed in Table 5. 

Because of the simultaneous action of 
all four factors on growth, it is obvious 
that an attempt to assign any one factor 
as the dominant cause of an observed 
effect on growth becomes precarious in 
most cases. Therefore, in order to evalu- 
ate total importance of all four factors, 
and relative importance of each of these 
factors on growth of trout, multiple and 
partial correlation coefficients have been 
calculated for the data of Table 5. The 
instantaneous growth rate (k) of age- 


group I trout is the dependent variable 
whose variation is here considered as 
being determined by the simultaneous 
action of the four independent variables: 
zooplankton density, standing crop of 
trout, temperature and size of trout. 

The multiple correlation coefficients 
(11.2345) Show to what extent the depend- 
ent variable, instantaneous growth rate 
(1), is influenced by the combined action 
of the four independent variables: zoo- 
plankton density (2), standing crop of 
trout (3), temperature (4), and size of 
trout (5). The partial correlation coeffi- 
cients show to what extent the depend- 
ent variable, instantaneous growth rate, 
is influenced by each of the independent 
variables when the other three independ- 
ent variables are held constant; for ex- 
ample, the partial correlation coefficient 
I'14.235 Shows to what extent instantane- 
ous growth rate (1) is influenced by 
temperature (4) when the other inde- 
pendent variables, zooplankton density 
(2), standing crop of trout (3) and size 
of trout (5), are held constant. 

The possible range of values for multi- 
ple correlation coefficients is 0 to L: 
0 indicating no relationship between the 
dependent and all the independent vari- 
ables, and 1 indicating a perfect rela- 
tionship. 

The possible range of values for par- 
tial correlation coefficients is —1 to +1: 
— 1 indicating a perfect inverse relation- 
ship between the dependent variable 
and the independent variable being con- 
sidered, 0 indicating no relationship, and 
+1 indicating a perfect direct relation- 
ship. 

The multiple and partial correlation 
coefficients, based on the data of Table 
5, for each of the three lakes and for all 
three lakes treated together are listed in 
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TABLE 6.—MULTIPLE AND PartiAL CoRRELATION COEFFICIENTS SHOWING THE RELATIONSHIP 
BETWEEN Four Eco.oaicaL Factors AND THE GROWTH OF AGE-GROUP I RaInBow Trout 








Multiple Correlation 





Coefficient Partial Correlation Coefficients 

(71 .2345*) (712.345) (713.245) (714.235) (715.234) 
ee re .978 .345 — .057 — .425 — .479 
SS eee ere .954 .379 — .486 — .440 — .415 
Lake Petrea.............. 994 .739 .062 — .668 — .735 
fb SS ee 877 .582 — .725 — .469 — .586 





*l = instantaneous growth rate (k) of age-group I trout. 
2 = index of zooplankton density, (availability of food). 


3 = total standing crop of trout, (competition). 
4 = temperature. 
5 = size of age-group I trout. 


Table 6. The data for all three lakes 
were treated together to gain an insight 
into relative importance of size of stand- 
ing crop of trout because this variable 
did not vary over a great enough range 
within each lake. 

The results of this analysis indicate: 

1) The highly significant values of 
multiple correlation coefficients in all 

vases indicate that the four variables 
here considered are important in de- 
termining growth of trout in these lakes. 

2) The relatively high value of all 
partial correlation coefficients indicates 
that each of the four independent vari- 
ables is of great enough importance in 
determining growth so that none of 
them can be ignored. The three partial 
correlation coefficients measuring rela- 
tion between instantaneous growth and 
standing crop of trout within each lake 
(13.245 for Lakes Paul, Peter, and Petrea) 
are ignored, because the standing crop 
of trout within each lake did not vary 
over a large enough segment of the range 
of standing crop being considered. 

3) The much higher partial correla- 
tions of instantaneous growth rate with 
each factor in Lake Petrea, where stand- 
ing crop of trout was highest, indicates 


that the influence of each of these factors 
becomes more intense with increase in 
size of standing crop of trout. If this is 
true, factors can be considered density- 
dependent (Solomon, 1949). 

4) Considering the partial correlation 
coefficients of data from all three lakes, 
the effect of total standing crop of trout 
(competition, in whatever ways it finds 
expression on growth) emerges as the 
most important factor governing growth 
of trout in these lakes, the other three 
factors being of approximately equal 
importance. 

It must be remembered that these re- 
sults pertain only to the ranges of varia- 
tion of each variable which are con- 
sidered here (Table 5). By the accumula- 
tion of further similar data it is hoped to 
increase these ranges, particularly that 
of the standing crop of trout. Also, use 
in the future of path coefficients should 
indicate some of the possible indirect 
ways in which these factors might ex- 
press their effect on growth of trout. 


CARRYING CAPACITY 


Any concept of carrying capacity im- 
plies a limited ability of the environment 
to maintain a population above a certain 
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size. This research clearly demonstrates 
that weight of standing crop of rainbow 
trout which these lakes will maintain, 
with a good rate of growth of individual 
trout persisting, is definitely limited. 

As shown above, growth of trout at 
low levels of standing crop seems largely 
determined by length of the growing 
season and temperatures during that 
season. However, this physiological con- 
trol of temperature was nullified by 
competition at high levels of standing 
crop. Increasing competition within the 
trout population as standing crop in- 
creases finally reaches a point where 
slower growth results, or, in other words, 
carrying capacity is determined by de- 
gree of competition within the trout 
population for some limited facility of 
environment. From analysis of factors 
determining growth of trout in these 
lakes it seems that the limited facility 
of the environment is food and the space 
which the is concentrated. 
Here, food is the source of competition, 
and the space over which the food is 
concentrated and its density within this 
area of concentration determine the de- 
gree of competition. From data at hand, 
any further discussion of factors deter- 
mining carrying capacity seems point- 
less. The answer to this question, as well 
as to the question of possible variation 
in carrying capacity from lake to lake 
and year to year, will be attempted after 
future research. 

Another concept usually accompany- 
ing that of carrying capacity, is that as 
a population approaches and surpasses 
the size of carrying capacity, mecha- 
nisms come into action which tend to 
reduce population size. Results of this 
research present a possible means of 
such natural population control previ- 
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ously suggested by Ricker and Foerster 
(1948); the more fish present, the slower 
xach grows, and thus the longer it re- 
mains at a size especially vulnerable to 
predator attack. That smaller trout are 
more vulnerable to predator attack is 
suggested by the difference in estimated 
mortality for two sizes of trout during 
the summer of 1952; these estimates of 
natural mortality ranged from 32 to 60 
per cent for age-group I trout and 15 to 
19 per cent for age-group II trout. How- 
ever, the predation in these lakes seems 
to be of the type recently deseribed by 
Ricker (1952), where amount of preda- 
tion is entirely dependent upon number 
of predators present and not on density 
of the prey (trout). This illustrates that 
the tendency of a fish population to re- 
main near the size of carrying capacity 
is largely a matter of chance. Of course 
this is a very special case, and the possi- 
bility of many factors tending to reduce 
population size (such as reduced fecun- 
dity, increased predation and increased 
parasitism and disease) at high popula- 
tion levels increases the chances that the 
population will not exceed carrying ca- 
pacity to a very high degree in most 
natural fish populations. Nevertheless, 
it must be remembered that this tend- 
ency of fish populations to remain near 
‘arrying capacity is a result of chance 
happenings and is not a directed process. 


SoME MANAGEMENT CONSIDERATIONS 


Dystrophiec lakes are generally not 
classified in the category of trout lakes, 
due to a lack of sufficient oxygen below 
the epilimnion in midsummer and the 
association of all trout with cold water. 
The selection of lakes for trout manage- 
ment is usually restricted to oligotrophic 
type lakes, where there is sufficient 
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oxygen for trout to exist throughout the 
summer in colder deep water. This seems 
entirely justifiable for brook (speckled) 
trout (Salvelinus fontinalis). The lethal 
high water temperature for this species 
is approximately 25°C. (77°F.) (Fry, 
1951); and we have found growth of this 
species in dystrophic lakes poor com- 
pared to that of rainbow trout. 

Whereas this restriction of speckled 
trout to lakes where colder water is 
available seems justified, a similar gen- 
eral restriction of rainbow trout seems 
equally unjustified. Schaeperclaus (1933) 
states that growth of rainbow trout is 
most rapid at 19°C. (66.2°F.) and lists 
the range 15 to 20°C. (59 to 68°F.) as 
optimum for rapid growth. He also de- 
scribes rainbow trout fry as withstand- 
ing temperatures up to 30°C. (86°F.); 
this was in carp ponds, where rainbow 
trout are commonly reared in Germany. 
Hazzard (1933) has pointed out the 
actual disadvantages of low water tem- 
peratures in successful production of 
trout in natural waters. 

With lethal high temperature of ap- 
proximately 30°C. (86°F.), rainbow 
trout in dystrophic lakes (or other lakes 
with insufficient oxygen for trout below 
the epilimnion) seem to be safe from 
summerkill caused by high water tem- 
peratures in areas where the mean July 
air temperature is less than 70°F. (21°C.). 
This includes all of Upper Michigan and 
the area of Wisconsin lying north of the 
70° isotherm. 

Rainbow trout have survived without 
such summerkill during the past seven 
summers in Lake Turk. However, 
temperatures in the epilimnion have 
risen dangerously close to the lethal 
point at times. The effect of lime treat- 
ment in increasing oxygen in the cooler 





water of the thermocline, as described 
by Hasler, Brynildson, and Helm (1951), 
may help in preventing summerkill due 
to high temperature in such borderline 
or warmer areas. 

The possibility of winterkill must, of 
course, be considered in selecting lakes 
of this type for management as trout 
lakes. From our experience, we would 
say that dystrophic lakes in northern 
Wisconsin which are larger than 3 acres 
and have a mean depth of at least 6 
meters (20 feet) would be reasonably 
safe from winterkill. This of course, is a 
very general rule of thumb and is no 
substitute for experience with a specific 
lake. A possible advantage of lime treat- 
ment in preventing winterkill, at least 
in marginal cases, is suggested by the 
action of lime in clearing the water (by 
precipitation of humic colloids) which 
should reduce the rate of oxygen con- 
sumption (Smith, 1952). Winterkill oc- 
curred in untreated Lake Paul in April 
1952, but not in lime-treated Lake 
Peter; this is not conclusive evidence of 
an effect of lime treatment because of 
the morphometric differences in the two 
lakes. However, because winterkill in 
Lake Paul occurred so late, it is felt that 
even a slight lowering of the rate of 
oxygen consumption as a result of lime 
treatment might be of practical value in 
prevention of winterkill in some cases. 
This winterkill in Lake Paul occurred 
after the oxygen content of the water 
just under the ice had fallen below 
1 mg./L. 

With proper consideration given to 
possibilities of summerkill and winterkill 
in selecting dystrophic lakes for rainbow 
trout management, the suitability of 
these lakes for providing requirements 
which cause good growth is obvious 
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from excellent rates of growth shown in 
these experimental lakes as long as the 
carrying capacity was not exceeded. 

Rainbow trout do not reproduce in 
these lakes, but most of the rainbow 
trout fishing in the north central states 
is maintained by stocking. The success 
of any such program of ‘‘put and take”’ 
fishing is judged by the percentage re- 
turn to the fisherman’s creel of fish 
stocked. 

Fortunately, these experimental lakes 
are all located on private property, for 
it would have been impossible to carry 
out this research without complete con- 
trol. They received only very light fish- 
ing pressure, but even so, 20 to 30 per 
cent of trout stocked each spring were 
taken by angling during the ensuing 
summer. In the Chippewa County ex- 
perimental lakes, where there is a modest 
amount of fishing pressure, the taking of 
50 to 70 per cent of spring-stocked trout 
during the ensuing summer is common 
(Brynildson and Hasler, 1952); in fact, 
it is necessary there to close angling 
periodically to save enough fish to com- 
plete the studies. It is believed therefore, 
that public lakes would receive heavy 
enough fishing pressure to yield a con- 
sistently high return. This would be a 
definite advantage over stocking of rain- 
bow trout in streams where return is 
usually low. Fishing on these lakes was 
almost exclusively with flies, and trout 
were readily caught throughout the sum- 
mer, (another advantage over streams, 
where catchability is usually low in 
midsummer). 

These lakes seem to offer a generally 
more stable environment for rainbow 
trout than streams, which are subject to 
floods, extremely low water levels, and 
rapid and extreme temperature varia- 


tions in midsummer. Also, in these land- 
locked lakes, rainbow trout cannot stray 
from the fishing area as they tend to do 
in streams. As noted earlier, predation 
appears to be the greatest source of loss 
of trout in these lakes. A careful study 
is planned to appraise the proportions 
of loss from all sources. 

It has been of interest that rainbow 
trout in these experimental lakes were 
consistently more catchable than in 
some nearby oligotrophic lakes, where 
there was sufficient oxygen at all depths 
throughout the summer. This greater 
catchability may be due to restriction 
of trout in these dystrophic lakes to the 
epilimnion; they seem to spend most of 
their time near the surface where the 
zooplankton is most concentrated. How- 
ever this should be substantiated by 
more direct observation because we 
know little about rate of depth change 
in trout. 

In pointing out the suitability of such 
lakes for rainbow trout, and some of 
their advantages over streams, there 
has been no intention of promoting rain- 
bow trout fishing in lakes as a substitute 
for all stream trout fishing. Rather, the 
suitability of these lakes for rainbow 
trout offers a solution to an economic 
problem. If there is a demand for more 
suitable trout water, and if the percent- 
age return of stocked rainbow trout is 
low in streams, then here are hundreds 
of lakes throughout northern Wisconsin 
and Upper Michigan highly suitable for 
rainbow trout, where the percentage re- 
turn to the fisherman can be extremely 
high. Many of these lakes are of little 
value to the sport fishery at present and 
could offer excellent angling for rainbow 
trout. Any added value to the sport 
fishery is of extreme importance to this 
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area where the tourist industry is the 
backbone of the economy. That there is 
a demand for better and more trout 
fishing is indicated by expensive stream 
improvement programs underway—a 
manner of improvement about which 
there is considerable question as to 
actual benefits and as to whether it can 
be justified economically. 

The results of this 
carrying capacity of lakes of this type 
for pure populations of rainbow trout to 
be approximately 50 pounds per acre, 
and growth rate of trout as a handy 
management tool for determining a con- 
dition of overcrowding. 

Introduction of fingerlings or fry in 
fall would seem to be the best stocking 
procedure in management of lakes of 
this type. As yet, we have no estimates 
of mortality, fall- 
planted fry and fingerlings although it 
is believed to be low. Stocking of 200 
fry per acre maintains the Kamloops 
trout fishery in Paul Lake, British Co- 
lumbia, a fishery which yields approxi- 
mately 10 pounds of trout per acre 
annually to the sport fishery, Larkin et 
al., (1950). 

An example of the type of yield to the 
sport fishery which might be expected 
in these lakes is interesting. In Lake 
Turk, 1951, of 100 age-group I, and 40 
age-group II rainbow trout stocked per 
acre in May, 45 per cent of the age- 
group I| and 69 per cent of the age-group 
II trout were taken by anglers before 
the following October. This was a total 
yield of 18.4 pounds per acre to the sport 
fishery for this period. Total standing 
crop of trout present during this period 
did not exceed an estimated 28 pounds 
per acre ignoring natural mortality, 
which would make this even lower. In 


research show 


over winter, of 


maintaining the standing crop near 50 
pounds per acre in such lakes, a yield of 
20 to 30 pounds per acre per year to the 
anglers could be easily achieved and 
yields of 40 pounds or more seem 
feasible. 

The importance of competition in de- 
termining carrying capacity, as shown 
in this research, and the general tend- 
ency of natural fish populations to main- 
tain their size near the level of carrying 
capacity, indicates greater possible use 
of a general management technique, 
namely, removal of a part of natural 
populations by artificial means. Surely, 
competition finds expression as inter- 
specific competition in mixed species 
populations wherever needs of any kind 
overlap, and the carrying capacity of a 
body of water for any one species in a 
mixed species population is not inde- 
pendent of the standing crop of other 
species present. The lakes of the resort 
area of northern Wisconsin and Upper 
Michigan have been selectively fished 
for desirable game species for years while 
less desirable species such as perch and 
panfish in the same lakes have been left 
practically untouched to reproduce and 
make up an ever greater percentage of 
the total carrying capacity of these lakes 
for the combination of species present. 
Certainly, future research should aim 
towards a determination of the com- 
bined carrying capacity of these lakes 
for different species combinations; the 
sources of competition between such 
species in combination and towards 
practical means of removal of species 
which receive no pressure in the sport 
fishery and which can eventually domi- 
nate the environment. Obviously, almost 
complete relaxation of angling restric- 
tions on less desirable species has made 











RainsBow Trout IN DystropHic LAKES—J/ohnson and Hasler 133 


them no more desirable and resulted in 
no greatly increased pressure on these 
species. The many seepage-type lakes in 
this area, where influence of emigration 
and immigration are eliminated, offer 
excellent opportunity for well-planned, 
thorough research on such basic prin- 
ciples and problems. 


SUMMARY 


After rotenone removal of resident 
fishes, rainbow trout were established 
and maintained by stocking in some 
small dystrophic lakes in northern Wis- 
consin and Upper Michigan. The vital 
statistics of these populations at various 
levels of standing crop were followed. 

Based on a decline in growth rate at 
higher levels of standing crop, the carry- 
ing capacity of these lakes for pure 
populations of rainbow trout appears to 
be approximately 50 pounds per acre. 

Most of the growth of the trout occurs 
from May through October, little growth 
being accomplished during the period of 
ice cover from November through April. 
Availability of zooplankton (the princi- 
pal food of these trout), size of standing 
crop of trout, temperature, and size of 
trout are considered as the factors de- 
termining growth in these lakes. Analy- 
sis of these factors indicate that rate of 
growth at low levels of standing crop is 
largely regulated by length of growing 
season and water temperatures during 
that season. However, as size of stand- 
ing crop increases, competition within 
the trout population results in a slower 
rate of growth; food being the source of 
competition and the space in which food 
is concentrated and density of the food 
within this area of concentration deter- 
mining the degree of competition and 
therefore carrying capacity. Multiple 


and partial correlation coefficients indi- 
cate that these factors are all important 
in determining growth of trout in these 
lakes, with competition being the most 
important factor at high levels of stand- 
ing crop. The results suggest that avail- 
ability of food, temperature, and size 
of the trout are all density-dependent 
factors. 

Estimates of natural mortality which 
seem to be largely a result of predation 
from time of stocking in May until mid- 
October, 1952, ranged from 32 to 60 per 
cent for age-group I trout and 15 to 19 
per cent for age-group II trout. The 
amount of such natural mortality ap- 
pears to be entirely dependent on the 
number of predators present and not on 
the density of the trout. 

The suitability of dystrophic lakes or 
other lakes without oxygen below the 
epilimnion in midsummer for manage- 
ment as rainbow trout lakes in areas 
where the mean July air temperature is 
less than 70°F. (21°C.) is pointed out. 

Although lime treatment in such lakes 
increases the volume of habitable water 
this seemingly results in no increase in 
production or carrying capacity. How- 
ever, two practical uses of lime treat- 
ment are indicated: 1) prevention of 
summerkill owing to high temperatures 
in warmer areas by providing oxygen in 
the cooler water of the thermocline, and 
2) prevention of winterkill in marginal 
cases by reducing the amount of oxygen- 
consuming colloidal organic matter. 

The importance of findings in this 
study to fish management procedures 
are discussed. 
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LETTER TO 


Washington, D.C. 
September 10, 1953. 
Editor 
Journal of Wildlife Management 

Reference is made to Willie G. Cahoon’s im- 
portant article on ‘‘Commercial Carp Removal 
at Lake Mattamuskeet, North Carolina,” 
which appeared in the July 1953 issue of the 
Journal (17:312-317) and to Editor K. D. 
Carlander’s footnote. 

Cahoon’s paper seems to ime to contain two 
major contributions to wildhie management; 
namely: 

(1) It gives a blueprint of an effective pro- 
cedure for carp removal from Lake Matta- 
muskeet, a natural swamp lake in coastal 
North Carolina. 

(2) Carp removal contributed to a marked 
reduction in turbidity. A good aquatic growth 
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THE EDITOR 


of vegetation promptly developed. This in turn 
resulted in heavy production of duck foods and 
an environment very much more favorable for 
waterfowl and game fish. 

Dr. Carlander, while recognizing the value 
of the first contribution and also that the 
marked change in the lake merits further 
study, questions Cahoon’s interpretation of 
the data, and states that on the basis of ex- 
perience elsewhere “it is doubtful that the re- 
moval of less than 25 pounds of carp per acre 
in any year can be assumed, without more 
data, to have reduced a carp population suffi- 
cient to change the environment.” He felt that 
other factors may have been responsible. 

I believe that if Dr. Carlander had carried 
on fisheries research in the black swamp waters 
of the Atlantic coast, his footnote conclusions 
would have been quite different. It is perhaps 














significant that much soil in this coastal area 
is light, and readily goes into colloidal suspen- 
sion when stirred up in water. Even a light 
breeze keeps water stirred up and cloudy un- 
less a vegetative covering holds soil down. 
Experience in this coastal region shows that 
regrowth of vegetation following dredging, or 
any other factor that destroys plant covering, 
is indeed a slow process because of constant 
turbidity. The facts indicate that before 1949 
a Secchi disk showed visibility limited to not 
more than 4 to 6 inches of water, while the lake 
now is reasonably clear to its full depth of 
from 3 to 6 feet. 

The facts are clear that carp were destroying 
large quantities of marginal marsh vegetation 
inundated after summer rains increased the 
lake level. Carp were concentrated along the 
periphery, especially in areas newly flooded 
where they could obtain food. Obviously, this 
greatly increased turbidity of the water. 
Specific studies were not made to determine 
the maximum carrying capacity of the lake, 
but under conditions that then existed it is 
obvious that it would be surprisingly low. It 
is not improbable that the 25 pounds of carp 
per acre referred to in Carlander’s footnote 
were all the lake could then produce. Studies 
of a number of Florida swamp lakes convinced 
Dr. Lloyd Meehean that their carrying ca- 
pacity totaled only 4 to 10 pounds per acre 
of mixed species. A review of Cahoon’s data 
show that from 1949 to midsummer of 1952— 
a period of three and a half years—from 53 to 
79 pounds of carp and from 3 to 5 pounds of 
catfish per acre were removed from the lake 
depending upon lake elevation or acreage. This 
removal contributed to reduced turbidity and 
permitted the rapid spread of submerged 
aquatic plants, which in turn aided in a further 
reduction of turbidity. 

With the clearing of the lake, a heavy stock- 
ing of predaceous game fish was made. Better 
spawning conditions for these predatory fish 
increased appreciably following clearing of 
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water. These fish undoubtedly exerted a con- 
siderable influence in keeping down numbers 
of fingerling carp. The increase of game fish is 
reflected in an increase in fishing pressure on 
the lake during this three-and-a-half-year 
period. Likewise, there has also been a sub- 
stantial increase in waterfowl usage of the area 
during the same period because of the increased 
food supply. 

It is well known that a number of conditions 
can cause a precipitation of soil held in suspen- 
sion. Some highly turbid North Carolina and 
other east coast lakes that were devoid of 
aquatic vegetation have been cleared and re- 
vegetated, even though no carp were involved, 
merely by complete or near complete drainage 
followed by temporary oxidation of organic 
matter and gradual reflooding. This, however, 
is quite different than the Mattamuskeet 
problem. Soil particles possess negative charges 
of electricity. Therefore, any increase of hydro- 
gen ions will originally precipitate colloidal soil 
particles. When plants occur in abundance, 
the photosynthetic process in summer and the 
decay of plants in winter provides the buffer 
necessary to precipitate soil held in suspension. 
Salt water content will normally cause a pre- 
cipitation of flocculent soil but at Lake Matta- 
muskeet this sodium chloride content has re- 
mained almost at a constant level. 

The more facts that are gathered, the more 
we are convinced that except for carp removal 
there has been no significant ecological change 
that can account for the abrupt clearing of 
the lake. Furthermore, I know of no biologist 
either in the Fish and Wildlife Service or else- 
where who has studied the problem and knows 
the area who does not concur with Cahoon’s 
basic conclusion that the lake improvement. is 
largely the result of the carp removal program. 


Respectfully submitted, 


Clarence Cottam 
Assistant to the Director 
U.S. Fish and Wildlife Service 








OBITUARIES 


DONALD ERNEST JOHNSON 
1924 — 1953 


The Wildlife Society and Profession has lost 
one of its most capable and enthusiastic young 
workers. Donald Ernest Johnson died in a 
plane crash July 11, 1953, at the Sheldon 
Refuge, Nevada, while on duty with the 
Nevada Fish and Game Department. 

Johnson was born November 10, 1924, at 
Ellensburg, Washington. He graduated from 
the Great Falls, Montana, High School in 
June 1942, after which he was called to duty 
in the armed forces during World War II. He 
served from November 14, 1942, to October 15, 
1945, as a bomber pilot with combat duty in 
the European theater of operations. Following 
his discharge he enrolled in the Fish and Wild- 
life Management curriculum at Montana State 
College where he received the B.S. degree in 
1950 and the M.S. degree in 1951. His thesis, 
“Biology of the Elk Calf, Cervus canadensis 
Nelsoni,” was published in the Journal of 
Wildlife Management (15: 396-410). He served 
as junior biologist with the Montana Fish and 
Game Department from January 1951 to 
March 1952. His chief work was with antelope. 
In March 1952 he accepted a position as big 
game project leader with the Nevada Fish and 
Game Department where he served until his 
death. 

Donald had many outstanding qualities. 
The most outstanding, perhaps, was his genu- 
ineness. There was never any doubt as to his 
stand on any issue. It was straightforward, 
honest, and enthusiastic. He was interested in 
people and would go out of his way to make 
friends. He set a high standard for himself and 
likewise expected others to come up to it. 
These qualities, plus his ability, integrity, and 
enthusiasm, made him ideally suited to work 
in wildlife. To those of us who knew him well, 
his death was a double tragedy: a loss to the 
profession and the loss of a true friend. No one 
can exactly take his place. There just aren’t 
any other Donald Johnsons. Although his life 
was relatively short, he lived every minute of 


it. There was nothing slow or complacent about 
him, and it seems entirely appropriate that, if 
he had to go, “he died with his boots on.” He 
was buried in Billings, Montana. 

He is survived by his wife, Yvonne; his small 
son, Wayne; his mother, Mrs. Ethel R. John- 
son; two brothers, Harold and Willard; and a 
sister, Edith.— Don C. Quimby. 


SAMUEL N. GANGWER 
1927 — 1952 


An auto accident took the life of Samuel N. 
Gangwer on November 7, 1952. His contagious 
good humor and enthusiasm will long be re- 
membered by numerous friends in Pennsyl- 
vania, Indiana, and in the west. 

Born at Palmerton, Pennsylvania, June 21, 
1927, Sam attended Weatherly High School, 
Farragut College, and graduated from Utah 
State Agricultural College in June 1952. 
While in the west he worked at Coeur D’ Alene 
National Forest, Whites Trout Farm, and the 
bird refuge at Brigham City, Utah. In July, 
1952 he was employed as a roving biologist in 
the Pittman-Robertson Wildlife Research Pro- 
gram of the Indiana Department of Conserva- 
tion, a position held until his tragie death last 
autumn. 

While on the project. he collected data for 
all the wildlife investigations and in October 
was assigned to the waterfowl checking station 
at Hovey Lake. His death occurred while en- 
route from a deer checking station to his home 
in Seymour, Indiana. 

He was married to Jean L. Knappenberger 
in Weatherly, Pennsylvania August 7, 1948. 
A daughter, Marjorie Jean and a son, Samuel 
Kenneth, were born during their residence in 
Utah. 

Like many fellow members of the Wildlife 
Society, his work and hobbies were closely 
allied. Hunting, fishing, and photography oc- 
cupied much of his spare time but his main 
interest was waterfowl.—John M. Allen. 
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BRIEFER ARTICLES 


BREEDING AGE OF BLUE GROUSE 


Irven O. Buss and Byron A. Schottelius 


The State College of Washington, Pullman 


and The State University of Iowa, lowa City 


A blue grouse (Dendragapus obscurus) col- 
lected in the Blue Mountains of southeastern 
Washington on October 11, 1949 had molted 
all of its juvenile primaries. The absence of the 
outer two pair of juvenile primaries indicated 
an adult bird (one which had completed the 
post-nuptial molt). However, the well-devel- 
oped bursa of Fabricius (19 mm. deep) indi- 
cated a bird of the year. Disagreement of these 
two age criteria raised the question: Does the 
blue grouse molt all primaries during its juve- 
nile molt? Does this species retain its bursa 
longer than a year and hence not breed until 
it is two years old? 

Fourteen full-grown blue grouse, shot in the 
Blue Mountains in fall since 1949, have been 
carefully examined in an attempt to answer 
these questions. Table 1 shows total weight, 
bursal measurement and status of primary 
molt. for each of the Blue Mountain grouse as 
well as for nine adults collected by Schottelius 
(1951) during the nesting and brood season in 
Okanogan County, northern Washington. 

Five grouse in the table had molted all 
juvenile primaries except the outer two pair 
and had bursal measurements from 18 to 20 
mm. Furthermore, these five grouse, like those 
described by Van Rossem (1925) for young 
birds, had outer rectrices which measured 3/4 
to 7/8 of an inch in width at a level three- 
quarters of an inch from the tip. In all respects 
these were blue grouse of the year. 

Five grouse in the table had molted the 
outer two pair of primaries, had closed bursae, 
and had rectrices which measured over 1-1/4 
inches in width at a level three-quarters of an 
inch from the tip. All age criteria for these 
grouse indicated that they were fully adult 
birds. 

Four other grouse in the table had molted 
the outer two pair of primaries, but had bursal 


measurements of 19, 26, 28 and 18 mm. 
Further examination of No. 686 showed that 
she had an ovary similar in size to those of the 
two juvenile females (Nos. 687 and 688) with 
small follicles of regular size, whereas an adult 
female (No. 692) had some larger follicles. 
These data indicate that the four blue grouse 
were ‘“sub-adults,”’ about one and a half years 
old, that had not, bred. 

Do these sub-adults migrate off the ridges 
to breeding range at lower elevations in spring? 
During the period of June 23 to August 1, 1950 
Schottelius (1951) collected 10 mature-appear- 
ing blue grouse (Table 1) from nesting range 
in the Methow Valley, Okanogan County. All 
of these grouse proved to be breeding adults. 
Furthermore, he observed no sub-adults (non- 
breeding birds) on the nesting range during 
the period of collection, but found that ‘Some 
birds .. . do not descend to the lower valley.” 
Other workers have also observed blue grouse 
at higher elevations in summer. Derek Earp 
(1950) found nests and broods on Lookout 
Mountain in the Methow Valley at an eleva- 
tion of 5700 feet in 1949. Carl V. Swanson 
(1947) observed a brood of very young blue 
grouse at Godman in the Blue Mountains at 
an elevation of 5666 feet in the summer of 1947. 
Apparently both the sub-adults and some of the 
adults remain at high elevations during sum- 
mer. It is possible that some adults remain at 
these relatively high elevations to breed be- 
cause they have lived on the ridges as “sub- 
adults.” 

Collectively, this evidence indicates that: 
(1) blue grouse do not molt their outer two 
pair of juvenile primaries during the first fall 
of life; (2) at least some blue grouse retain 
the bursa of Fabricius until about two years 
of age when they apparently begin to breed. 
These findings are of significance to investi- 
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Total Bursal 
Date weight depth 
No. collected (gms.) (mm.) 


BLuE MOownrtalins: 





574 10-11-49 1134 19 
666 10-14-50 1313 26 
667 10-15-50 1376 0 
50-22 10— 8-50 1148 28 
676 10 + -50 ° 20 
681 9-20-53 915 20 
682 9-20-53 1280 0 
693 10-17-53 1281 0 
694 10-18-53 1235 0 
OKANOGAN County: 

50-3 6-23-50 1294 0 
50-4 6-27-50 1203 0 
50-5 6-28-50 1218 0 
50-7 7-11-50 1351 0 
50-9 7-14-50 1124 0 


50-13 7-25-50 1146 0 





BiLuE MOownrTAINS: 


677 10 -50 - 20 
686 9-27-53 927 18 
687 9-27-53 727 18 
688 9-27-53 785 20 
692 10-11-53 1175 0 
OKANOGAN County: 

50-10 7-15-50 855 0 
50-12 7-24-50 810 0 
50-20 8-— 1-50 851 0 


FEMALES 





Juvenile 
primary Estimated 
molt age 
MALES 

completed, outer pair inc. 1} yrs. 
completed, outer pair ine. 1} yrs. 
completed, outer pair inc. adult 
completed, outer pair inc. 13 yrs. 
outer 2 pr. not molted juv. 
outer 2 pr. not molted juv. 
completed, outer 2 pr. inc. adult 
completed, outer 2 pr. ine. adult 
completed, outer 2 pr. inc. adult 
completed adult 
completed adult 
completed adult 
completed adult 
completed adult 
completed adult 
outer 2 pr. not molted juv. 
completed, outer 2 pr. inc. } yrs. 
outer 2 pr. not molted juv. 
outer 2 pr. not molted juv. 
completed, outer 2 pr. inc. adult 
completed adult 
completed adult 
completed adult 





* Viscera removed before weight was obtained. 


gators who analyze wings and tails of blue 
grouse for sex and age data. Further research 
should show that this species has a lower 
turnover rate than other gallinaceous birds like 
the pheasant and bob-white quail which have 
a higher reproductive potential. 
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A METHOD FOR SEXING BLUE GROUSE! 


Edwin B. Caswell 


5644 N. Sultana Ave., Temple City, Calif. 


A method of sexing blue grouse (Dendra- 
gapus obscurus) in hand and in field has been 
found by the author, while studying this bird 
in Washington County, Idaho. With birds in 
hand, the method is simple, and of value where 
untrained personnel check the hunter’s bag 
for sex. 

Sexes are differentiated by white feathers, 
tipped with bluish-black, around the cervical 
air sacs in the male, in contrast to barred 
grayish-brown feathers of that region in the 
female. The white feathers, inverted by the 
male in display, are found in about three rows 
on the upper side of the cervical air sacs and 
five to six prominent rows on the lower side. 
The feathers of the jugulum are whitish, also 
tipped with bluish-black, but are not as distinct 
as those on the sides of the neck. 

For Birds in Hand.—In stroking the side of 
the neck from the body toward the head, the 
feathers are artificially inverted and a male is 
indicated by a flash of white feathers. 

From inspection of thirty-two male blue 
grouse, in which white feathers around the 
cervical air sac were checked against gonads, 
only one was found which did not have white 
feathers. It was a juvenile male collected July 
18, 1952. However, a smaller juvenile male 
collected July 10, 1952 had the sex-distinguish- 
ing white feathers, as did another juvenile 
male collected August 18, 1952. 

Sixteen of the males checked were taken by 
hunters during September, 1952; twelve were 
collected by the author and four were predator 
and road kills. In addition, forty-nine other 
males from hunters’ bags showed white feath- 
ers. In these, gonads were not checked, but 


1 Contribution from the Idaho Cooperative 
Wildlife Research Unit: the University of 
Idaho, the Idaho Fish and Game Department, 
the United States Fish and Wildlife Service, 
and the Wildlife Management Institute co- 
operating. 


absence of barred feathers on head, nape, in- 
terscapulars (Ridgway and Friedmann (1946), 
and middle pair of rectrices were used to 
identify males (Pearson, 1936). 

Nineteen female blue grouse, whose sex was 
determined by inspection of gonads, failed to 
show white feathers when stroked along side 
of neck from body to head. Fifteen of these 
females were taken by hunters during Sep- 
tember, 1952. 

Seventy-one additional female blue grouse, 
from the hunter kill of September, 1952, did 
not have white feathers in the cervical region. 
These females were not sexed by inspection of 
gonads, but. by barred feathers on head, nape, 
interscapulars and central pair of rectrices. 

Since the only negative case was a juvenile 
male approximately six weeks old, the method 
is considered effective for sexing adult blue 
grouse in the hand during all months, and 
juveniles after the middle of August. 

For Birds in Field.—In life, the white feath- 
ers around the cervical air sac in the male 
frequently form a white streak along the side 
of the neck terminating in the shoulder region. 
At times the white streak is concealed. Its 
absence therefore is not indicative of a female. 

Many times, due to poor light and distance, 
the white streak is more easily distinguished 
than other sexual differences in plumage, es- 
pecially when juveniles are present. In the 
current study, presence of the white streak has 
been used in the field as an aid to check sex of 
grouse eight weeks or more old. 
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WATERFOWL LOSSES IN THE SURF ALONG THE NORTHERN 
CALIFORNIA COAST 


William A. Wooten 


U.S. Fish and Wildlife Service, Eureka, California 


For many years residents of Humboldt 
County in northern coastal California have 
witnessed waterfowl perishing in the surf in 
large numbers. In the vicinity of Humboldt 
Bay and the Eel River the phenomenon is ob- 
served commonly and residents refer to these 
waterfowl victims as “sanded ducks.’”’ From 
November 1 to December 31, 1952, a prelimi- 
nary study of this unusual condition was made 
and pertinent facts are reported here. 

The area where “sanded ducks” occur ex- 
tends for a distance of approximately 25 miles 
from Centerville Beach north to Clam Beach, 
California. This includes the mouths of the Eel 
and Mad Rivers, North and South Spit of 
Humboldt Bay, and the Clam Beaches north 
of Arcata, California. The shore line in most 
of this area consists of steeply sloping beaches 
which cause short but forceful wave action 
during heavy seas. During a severe storm this 
wave action digs into the shore and for a dis- 
tance of 200 to 400 feet from the beach the 
surf is saturated with sand. Immediately be- 
hind the beach is a series of small, sparsely 
vegetated sand dunes, and extending back from 
the sand dunes for several miles the land is 
largely agricultural. Several thousand acres are 
planted to permanent pasture with interspersed 
barley fields. On the pasture area of low rolling 
terrain, low spots fill with water in winter, thus 
making ideal resting and feeding areas for 
waterfowl. Many natural streams and sloughs 
pass through the farming area. The pasture 
areas are utilized primarily for grazing of dairy 
cattle and sheep. 

During hunting season waterfowl feed on 
ponds in the pastures from late afternoon until 
shooting begins in the morning, when they 
leave the farming area and fly to the ocean. 
They settle down one-half to one mile from 
shore in rafts of 200 to 3,000 birds. During the 
day smaller flocks may be seen continually 
flying from ocean to fields. 

Excessive losses of birds usually occur in 
moderately rough seas immediately following 


severe storms and with heavy fog off shore. 
At these times winds are usually from the 
southwest or in an easterly direction. ‘‘Sanded” 
birds occur on the beaches immediately follow- 
ing low tide. Observed losses were heaviest 
among surface-feeding ducks, and in order of 
decreasing prevalence the following species of 
waterfowl appeared to be most affected by 
“sanding’’: baldpate (Mareca americana), pin- 
tail (Anas acuta tzitzihoa), mallard (Anas p. 
platyrhynchos), green-winged teal (Anas caro- 
linense), lesser scaup (Aythya affinis), canvas- 
back (Aythya valisineria) and redhead (A ythya 
americana). Other ‘‘sanded”’ birds included the 
western grebe (Aechmophorus occidentalis) and 
Baird’s cormorant (Phalacrocorax pelagicus 
resplendens). 

At) numerous times during past years a 
limited number of black brant (Branta nigri- 
cans) also have been affected by “sanding”’ but 
none were observed during the period of this 
study. 

The heaviest concentrations of ducks and, 
in turn, the greatest losses occur near the 
mouth of the Eel River. During heavy seas 
this area is particularly rough, with occasional 
waves breaking as far as a mile from shore. 
The birds sleep in concentrated groups and 
drift shoreward with the wind. Occasionally a 
high wave breaks far from shore and engulfs 
a group of resting ducks. They are then rolled 
into the area of heavy sand, and once their 
feathers become saturated with sand and water 
they seem helpless to maintain themselves in 
rough water. Birds attempting to re-enter open 
water are picked up by the surf and rolled 
back into the sand. Loss of waterfowl in this 
manner usually occurs several times during the 
year but is prevalent mainly during the hunt- 
ing season. At these times the birds seek 
sanctuary in the ocean as an escape from hunt- 
ers who harass them regularly on inland feeding 
areas. 

Reports from hunters, together with an 
actual check of losses by qualified observers, 





inclu 
Man 
lege, 
thest 
mon 
from 
mile: 
In 
hun 
pres 
tion 
deta 
the 
Thi: 
tails 
scau 
T 
whe 
hel} 
san 
only 
win 
wit! 
cov 
thre 
exp 
pea 
I 
sug 
dro 
plu 
tha 
red 
the 
im| 


SIx 
por 
Sel 
of 

grc 
po 
the 
ser 


hore. 
» the 
ded”’ 
Llow- 
Viest 
er of 
es of 
1 by 
pin- 
IS Dp. 
caro- 
\vas- 
ithya 
| the 
and 
Cus 


2 a 
igri- 
but 
this 


und, 
the 
seas 
mal 
ore. 
and 
ya 
ulfs 
led 
1eir 
ter 
in 
en 
led 
his 
the 
nt- 
ek 
nt- 
ng 


an 





BRIEFER ARTICLES 141 


including several students from the Wildlife 
Management School at Humboldt State Col- 
lege, give some basis for estimating losses from 
these unusual circumstances. During the 2- 
month interval of this study it is likely that 
from 6,000 to 9,000 birds perished along 25 
miles of beaches. 


In the course of the investigation several 
hundred birds, alive or in a good state of 
preservation, were examined casually. In addi- 
tion, 36 “sanded ducks” were studied in some 
detail in an effort to determine more precisely 
the mechanism by which the birds are killed. 
This latter group included 27 baldpates, 3 pin- 
tails, 2 green-winged teal, 2 redheads, 1 lesser 
scaup, and 1 canvasback. 

The usual appearance of “sanded” birds 
when washed up on the beach is one of complete 
helplessness. They are so weighted down with 
sand and water that wings and tail drag and 
only by extreme effort can they move their 
wings. The feathers are separated and saturated 
with sand and water, and the skin is completely 
covered with sand which has worked its way 
through the down. In instances of prolonged 
exposure the skin is of a striking white ap- 
pearance. 

External condition of the birds is such as to 
suggest that death normally would result from 
drowning. The deposit of sand throughout the 
plumage is considerable, and it is likely, too, 
that the normal buoyancy of ducks is further 
reduced by abrasive action of sand in removing 
the natural oil of the feathers. However, the 
importance of trauma in contributing to the 


helpless condition of many waterfowl also was 
suggested. 

Among 36 ducks examined in detail, 28 
showed a derangement of visceral organs be- 
lieved to have been caused by centrifugal ac- 
tion while being rolled in the surf. In these 
birds gizzard and intestines were pushed solidly 
back to a position just anterior to the vent. 
So compressed were the organs in this abnormal 
position, that it was virtually impossible to cut 
through the skin at the vent without cutting 
into the gizzard. In numerous cases there were 
hemorrhagic areas near intestines, liver, and 
along the back. 

A majority of waterfowl found dead in this 
coastal area are direct victims of the unique 
wave action. However, many that are only 
partially disabled fall easy prey to gulls which 
concentrate in the area, and others that escape 
to the sparse vegetation of the sand dunes are 
easy targets for hunters. Dr. Fred A. Glover of 
Humboldt State College reported a complete 
recovery for five “‘sanded”’ birds that had been 
transferred to fresh-water ponds. Under natural 
conditions it is doubtful that many birds so 
handicapped could survive the many predators 
and other hazards for 3 or 4 days of preening 
and fluffing before normal flight is regained. 
Prospects for preventative control in meeting 
this particular problem appear to be very 
limited. However, rescue operations to transfer 
affected birds to fresh water impoundments 
offer the prospect of saving many birds and 
could well constitute a project for sportsmen 
and other interested residents in the area. 

Accepted for publication March 21, 1953. 


AN OBSERVATION ON OTTER FEEDING 


Tony J. Peterle 


Cusino Wildlife Experiment Station, Shingleton, Michigan 


On the morning of April 2, 1953, I observed 
six otter (Lutra canadensis) feeding in a shallow 
pool in the Seney National Wildlife Refuge, 
Seney, Michigan. All the animals seemed to be 
of similar size, and no impression of a family 
group was given. Patches of ice remained in the 
pool, thick enough to support the otter when 
they emerged from the water with food. Ob- 
servations were made from approximately 50 


yards away, so the fish (probably Northern 
Black Bullhead) were easily discernible with 
binoculars. The otter seemed to be able to catch 
fish at will. If they were small, the otter never 
left the water but swallowed them whole, 
swimming with head tipped upward. When 
fish were too large to swallow, otters emerged 
on the ice. While holding fish down on the ice 
with fore-paws, they proceeded to eat fish tail 
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end first. Some difficulty was encountered in 
swallowing the large heads of the eight- to ten- 
inch fish caught. The usual sport of follow-the- 
leader was noted, along with some playful 
nipping, but at no time was there any hostility 
shown over captured food. A herring gull 


waited nearby for scraps, but the otter left no 
parts of fish on the ice. The observation lasted 
about one hour, from eight to nine o’clock in 
the morning. 


Accepted for publication April 14, 1953. 


AN UNUSUAL CAUSE OF DEER MORTALITY! 


Fred L. Jones 
California Department of Fish and Game, Independence, California 


On November 10, 1952, a report was received 
that several deer had slid to their deaths down 
a snow bank just below Bishop Pass, Inyo 
County, California. Bishop Pass is situated 
about nine and one-half miles southwest of the 
town of Bishop, at an elevation of 11,972 feet, 
which is about 500 feet above timberline. It 
constitutes a main migration route for Inyo 
mule deer (Odocoileus hemionus inyoensis) over 
the crest of the Sierra Nevada. Deer winter 
low along the eastern slope of the Sierra and 
summer high on the western drainage. 

On November 12, I hiked into the area with 
four others to investigate. We found 26 deer— 
6 bucks, 17 does and 3 fawns—dead in rocks 
below an icy snowfield about one-quarter of a 
mile north of Bishop Pass. Some deer had died 
prior to a light snowstorm on November 7, 
but most had died subsequent to it. 

Remains of winter snows often persevere in 
shaded sites at high elevations through sum- 
mer and fall. This particular snowfield had been 
transformed into solid ice by successive thaws 
and freezes during summer months. It was 
about 150 feet long and tilted at an angle of 
nearly 45 degrees. The storm of November 7 
deposited four to six inches of powder snow on 


1Contribution from P-R Project 41-R-3: 
California Deer Herd Studies. 


the surface. Though deer had fallen prior to 
this, the new snow unquestionably aggravated 
the situation by masking the glare ice. 

Deer attempting to cross were unable to ob- 
tain traction and so plummeted the length of 
the ice to crash into a jumbled area of sharp 
talus blocks below. The rocks were blood- 
stained and strewn with splintered antlers and 
bits of flesh. Limbs, heads, necks and backs of 
deer had been fractured in a variety of combina- 
tions and some body cavities had been punc- 
tured by sharp rocks. 

Bloodstains ‘in the trail below showed that 
additional deer had been severely injured. 
Deer continued to migrate over the pass until 
November 14, when a heavy storm closed the 
route, so it is likely that others died in the same 
fashion. The route across the icefield was, 
fortunately, little used. The majority of the 
migrants followed a horse trail which was free 
of obstacles. 

Many losses suffered by deer, such as this, 
are completely uncontrollable due to chance 
occurrence. It is seldom that we have the op- 
portunity to determine an exact cause or even 
that loss took place. Old residents state that 
nothing similar has been known to have oc- 
curred previously in this section of the state. 


Accepted for publication March 27, 1953. 


REVIEW 


On Leucocytozoon in Swedish Capercaillie, 
Black Grouse and Hazel Grouse. By Karl 
Borg. Communication from the State Veteri- 
nary Medical Institute, Stockholm, Sweden, 
1953. 109 pp. illus. 


To all appearances one more factor which 
has long been linked with grouse cycles— 
Leucocytozoon infections—has been discredited. 


When C. H. D. Clarke presented presumptive 
evidence eighteen years ago that the protozoon 
parasite Leucocytozoon bonasae might be a 
causative agent in ruffed grouse cycles, it was 
believed by some workers that here was a 
factor, either by itself or in combination with 
other factors, which could cause periodic de- 
clines in grouse numbers. 

The recent work of Karl Borg, however, 
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throws open to serious doubt the whole ques- 
tion of Leucocytozoon spp. as causative agents 
of disease conditions and cycles in gallinaceous 
birds. 

Borg’s study, covering the period 1948-1952, 
was carried out within the compass of the 
Swedish Hunters’ Confederation research pro- 
gram at the State Veterinary Medical Institute, 
Stockholm. Considered in the study are three 
species of forest game birds of the family 
Tetraonidae—capercaillie, black grouse, and 
hazel grouse. All three are cyclic species oc- 
curring throughout northern Eurasia. 

Birds of the three species were collected 
(shot, captured, or found dead) throughout the 
year during the period of study in cooperation 
with game keepers, foresters, and sportsmen. 
Blood slides of the grouse were made in the 
field; liver and spleen were fixed and sent to 
the laboratory. Specimens of capercaillie and 
black grouse collected for study came from all 
parts of Sweden. These birds range throughout 
the length of the country. The hazel grouse, 
more northern in distribution, is rare south of 
Lakes Vanern and Viittern. 

In recent years the underlying cause for pro- 
nounced declines in Swedish populations of 
capercaillie, black grouse, and hazel grouse has 
been laid to extensive chick mortality. The 
need for studying the possible relationship of 
various blood parasites and mortality of Swed- 
ish grouse chicks and adults was pointed out 
by Wingstrand in 1947. Borg attacking the 
problem in 1948, began a brilliant study which 
terminated in 1952 and showed conclusively 
that Leucocytozoon is not responsible for causing 
mortality or fluctuations in numbers of Swedish 
grouse. I believe his conclusions can also be 
applied to our ruffed grouse. 

The genus Leucocytozoon like Plasmodium, 
which causes human malaria, has an asexual 
cycle’ called schizogony which occurs in the 
vertebrate host and a sexual cycle called 
sporogony which occurs in the invertebrate 
host. Borg’s study covered only schizogony in 
the grouse. No studies were made of black flies 
(Simulidae) which act as the primary host of 
Leucocytozoon of several species. 

In his discussion of the biology of Leuco- 
cytozoon spp., Borg gives an excellent summary 
of descriptions of the various species as de- 
scribed in the literature and also a detailed 
account of the morphology of gametocytes and 


schizonts as he saw them in blood slides and 
liver sections from Swedish grouse. According 
to his findings three types of gametocytes— 
round, oval, and elongate—occur in capercaillie 
and black grouse. Although the round type 
occurs in hazel grouse, oval and elongate types 
are much more common. He considers the 
round type to be the most mature gametocyte 
form. He does not consider the round form to 
be a species distinct from oval and elongate 
forms as has been maintained by some workers. 

Leucocytozoon in the three Swedish grouse 
may or may not be the same species. Certainly 
complete identity does not exist. Borg has 
shown that gametocytes from capercaillie, 
black grouse, and hazel grouse can be distin- 
guished from each other by their magnitude if 
enough measurements are made and graphed 
according to his procedure. It is possible, as he 
suggests, that different strains of the same 
Leucocytozoon may occur in the three grouse. 


Borg’s account of the schizogony (asexual 
cycle) of Leucocytozoon in the liver of caper- 
caillie, black grouse, and hazel grouse is the 
first to appear in the literature for these 
grouse. Detailed accounts of this phase of the 
parasite’s life cycle in fact are available for 
only a few other species of birds. Huff, O’Roke, 
and Brumpt have previously given detailed 
descriptions of schizogony of Leucocytozoon 
simondi in ducks, and Clarke a brief account 
of Leucocytozoon schizogony in the ruffed grouse. 

Borg found little evidence of liver damage in 
birds he examined with the possible exception 
of one hazel grouse. In this bird parasites oc- 
curred in certain sections of the liver quite 
plentifully and were often accompanied by 
pigment. 

It has long been known that Leucocytozoon 
exhibits a seasonal variation in frequency in 
blood of ruffed grouse, mallards, and turkeys— 
high in summer and low in winter. Borg found 
that this was true in the birds that he examined. 
A check of blood smears from nine capercaillie 
and two black grouse taken at different times 
during day and night, however, showed no 
daily periodicity of gametocytes in peripheral 
blood. 

In concluding the chapter on biology of 
Leucocytozoon, Borg gives a helpful discussion 
on methods of differentiating Lewcocytozoon in- 
fections from Toxoplasma infections. The latter 
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disease occurs commonly in capercaillie and 
black grouse in Sweden. 

Reliable information on the relationship of 
the avian host and the Leucocytozoon parasive 
is still needed. The parasite’s reaction in the 
the parasitological period—is not at all 
well understood. More information is available 
on the avian host’s reaction to the parasite— 
clinical period. Borg suggests that the para- 
sitological period can be divided into a pre- 
patent period representing the time from the 
parasite’s entrance into the body until it can 
be demonstrated in the peripheral blood by 
ordinary diagnostic means, a patent period 
covering the time during which the parasite 
can be demonstrated in the blood, and a sub- 
patent period when the parasite cannot be 
found by ordinary means though it may be 
present in small numbers. 

Another point that has been overlooked in 
nearly all earlier Leucocytozoon studies is a de- 
scription in precise terms of the magnitude of 
an infection. Borg is careful to use precise 
terms. By an acute state in the infection he 


bbe 


a stage when the gametocyte’s fre- 


host 


means 
queney curve is at, or near, the peak during 
one of the first patent periods, irrespective of 
whether ‘the subject has shown any signs of 
disease.”” He determined that the peak for 
capercaillie, black grouse, and hazel grouse oc- 
curs when gametocyte frequency exceeds some 
one gametocyte per 1000 erythrocytes. The 
number of gametocytes per 1000 erythrocytes 
seldom exceeded five. The acute state 
found only in juvenile birds. It is evident that 
the gametocyte frequency in Swedish grouse 
is very low. This low frequency also occurred 
in ruffed grouse which I examined in Minnesota 
during the period 1941-1952. 

Although the gametocyte frequency in Swed- 
ish grouse is low, the number of birds infected 
with Leucocytozoon is high. Of 67 capercaillie 
chicks (birds not more than four weeks old) 
examined by Borg only one was infected. Out 
of 124 juvenile birds, however, 97 were infected 
and of 215 adults, 146 were infected. These 
are minimum figures. A negative smear need 
not necessarily mean a lack of infection. Black 
grouse and hazel grouse were infected to lesser 
degree than capercaillie although the percent- 
age of infection in these species was also high. 
If the three grouse species are considered to- 
gether, the percentage of infection for the 
period April 1 to September 30, Borg found, 


was 
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was about 80 per cent and for the period Oc- 
tober 1 to March 31, about 40 per cent. 
Minnesota grouse over an eleven-year period, 
1941-1953, showed an infection rate of about 
70 per cent. Fallis’ studies made in Ontario 
also showed a rate of infection between 60 and 
70 per cent. 

Pathogenicity of a high degree has been 
attributed to certain species of Leucocytozoon. 
In reviewing the literature concerning such 
cases, Borg has indicated that some of them 
are probably overstatements based on assump- 
tions or faulty diagnosis. Few of the many 
reports of mortality, in fact, come through his 
critical analyses unscathed. O’Roke’s fine re- 
port of Leucocytozoon in mallards is one study 
that has proved beyond doubt that Leuco- 
cytozoon can cause very extensive mortality. 
Borg recognizes this and uses O’Roke’s de- 
scriptions of the clinical symptoms of the dis- 
ease as criteria in judging other less ably 
documented reports. 

Mortality of geese due to Leucocytozoon 
anseris has been reported by Knuth and Magde- 
burg, Stephan, and Ivanic. Borg critically 
analyses these papers and doubts that the 
evidence to support the contentions is con- 
clusive. Similarly, he points out many weak- 
nesses in papers of Skidmore and of Johnson. 
Both authors reported extensive loss of turkeys 
due to L. smiathi. At least seven other authors, 
according to Borg, have reported losses of 
turkeys due to Leucocytozoon without very 
convincing evidence. 

Decrease in populations of Hungarian par- 
tridge, pheasants, and black grouse in Germany 
has been attributed to various blood parasites 
including Leucocytozoon by Béing. Clarke has 
attributed the loss of ruffed grouse to Leuco- 
cytozoon infection, and Oliger in Russia reach 
a similar assumption for hazel grouse based on 
no great amount of evidence other than that 
birds had died. 


Concerning his own work on the Swedish 
forest game Borg concludes, in the 
absences of serious pathogenic effect that 
deaths resulting from Leucocytozoon attacks 
are very uncommon, if indeed such deaths 
occur at all. He further concludes that it has 
not been possible to attribute the cyclic fluc- 
tuations of capercaillie, black grouse, and hazel 
grouse in Sweden to Leucocytozoon infections. 
—ARNOLD B. Erickson. 
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